Thermal Performance of Passive Radiative Cooling Strategies on Building Envelopes by Srinivasan, Arvind
Thermal Performance of Passive
Radiative Cooling Strategies on
Building Envelopes
Arvind Srinivasan
Submitted in partial fulfillment of the
requirements for the degree of
Doctor of Philosophy
under the Executive Committee
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Arvind Srinivasan
Passive radiative cooling has been extensively studied as a means to cool the
exterior surfaces of buildings and reduce space cooling loads. This phenomenon is
caused by thermal radiation that is continuously emitted from surfaces on Earth,
and transmitted through the atmosphere to outer space (at approximately 3-4 Kelvin
temperature scale). To gain a deeper understanding of how terrestrial objects can
access this extraterrestrial cold reservoir, I use a theoretical framework derived from
classical radiative heat transfer to investigate the radiative properties of surfaces and
the atmosphere over a spectrum of wavelengths. In this dissertation, I demonstrate
the theoretical cooling potential that can be achieved by surfaces with idealized ra-
diative properties under various atmospheric conditions. While several researchers
have optimized the optical properties of their surfaces to emit strongly in wavelength
bands corresponding to high atmospheric transparency, I show that a high degree of
spectral tailoring is only beneficial when humidity in the atmosphere is low or when
a surface can minimize its absorption of solar radiation. Additionally, I prescribe
appropriate sets of surface radiative properties that are required to achieve cooling
under various solar and atmospheric loads.
An evaluation of passive strategies on building envelopes would be incomplete
without considering green facades. To that end, I propose a theoretical model to
calculate the heat flux reduction offered by green facades. Unlike previously reported
works that use the Pennman-Monteith approach to calculate evapotranspiration in a
leaf canopy, my model takes a simpler approach in calculating the sensible and latent
heat loss from a layer of leaves while preserving prediction accuracy. By extending
the theoretical models for passive radiative cooling and green facades to building en-
velopes, my work provides insights into the appropriate passive strategy suitable for a
particular climate. In dry conditions, surface coatings with optically-tuned radiative
properties can perform better than green facades by maximizing their thermal emis-
sion through the atmosphere. However, the additional evaporative cooling benefits,
insulation and aesthetic value offered by green facades may make them more favor-
able in cooler and more humid climates. Since the cooling performance of all passive
strategies is strongly correlated to the local climate, my work indicates that variations
in ambient air temperature, solar radiation and humidity must be considered when
choosing an appropriate strategy for a building envelope.
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Chapter 1
History of Passive Radiative Cooling
1.1 Motivation
Residential and commercial buildings account for 40% of the overall energy consump-
tion in the U.S.1 At a growth rate of 1 million buildings per year, the U.S. buildings
sector continues to pose new challenges on the electrical grid and the environment.
First, the majority buildings rely heavily on electrically powered systems such as cen-
tral or packaged air conditioners, and chillers. Even though these systems reliably
provide thermal comfort by cooling the air inside a building, they account for 15% of
the end-use energy consumption in buildings.1 Second, modern cities are up to 5o C
hotter than their surrounding rural areas - a phenomenon known as the urban heat
island effect (UHI).2 This in turn increases the cooling load in urban buildings, but
also elevates emission levels and deteriorates human health and comfort in cities.
While improvements to wall insulation, ventilation, and air conditioning systems
can lower space cooling requirements, they do not significantly impact the ambient
air temperature in cities. A passive strategy that can - (i) reduce cooling loads in
buildings without any electrical input, and (ii) mitigate the urban heat island effect,
will have a significant impact on global energy consumption and emission levels.
1
The exterior surfaces of a building envelope provide the right set of conditions for
cooling themselves below ambient temperatures via passive radiative cooling.3,4 - a
naturally occurring phenomenon that is responsible for the sub-ambient cooling of
terrestrial surfaces exposed to the sky. Some of the earliest examples of passively
cooled structures are from ancient Iran where mud and off-white coatings were used
on exterior surfaces of structures to store ice.5
Due to its minimally obstructed view to the sky, the surface of the roof receives
higher intensities of solar and atmospheric radiation than the vertical surfaces of a
building. Not only does this drive up air-conditioning usage in buildings during peak
summer months, but it is also the major contributing factor for UHI in cities. Studies
performed by the EPA report that roofs account for 20 to 25 % of the land area in cities
like Houston, New York, and Chicago, which has made the surface of roof the primary
focus for research-based and commercial passive cooling strategies. Even though
the vertical walls of a building receive lower levels of solar radiation than the roof
throughout the year, thermal mitigation efforts on vertical facades have also shown
immense potential in reducing air-conditioning costs in buildings. Since 40 to 60 %
of buildings built prior to 1980 have shown lower levels of thermal insulation on their
vertical walls, passive strategies on all surfaces of a building can reduce cooling loads
and UHI levels in urban climates. Transparent surfaces such as windows and glass
walls on the building envelope have also seen tremendous technological advancement
to manage radiation heat transfer to and from the interior space. However, in this
dissertation, I focus solely on the opaque surfaces of the building envelope. To that
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Figure 1.1: (A) Schematic showing a flat PRC exposed to the atmosphere. The at-
mosphere is shown to be at temperature, Ta, and the PRC at Ts. The atmosphere is
shown to have regions of high transmittance (white shaded areas), and low transmit-
tance (blue shaded areas). (B) Spectral absorptivity/emissivity of idealized surfaces.
temperature, Ts that demonstrates the potential to cool itself below the surrounding
ambient air temperature, Ta. For a PRC shown in Fig. 1.1 to experience sub-ambient
cooling, the following criterion has to be met: Ts ă Ta.
In order to meet this criteria, several researchers in the field of passive radiative
cooling aim to:
1. Minimize Absorbed Solar Radiation i.e. Maximize Reflected Solar Radiation
2. Minimize Absorbed Atmospheric Radiation i.e. Maximize Emitted Infrared
Radiation
3
To address (1), researchers have optically tailored the values of solar absorptivity, α,
of their PRCs in spectral ranges under 2.5 µm to be low as shown in Fig. 1.1. To
address (2), researchers have optically tailored the values of thermal emissivity, ε, of
their PRCs to be high in the spectral ranges beyond 2.5 µm, or selectively high in the
spectral ranges between 8 µm to 13 µm as shown in Fig. 1.1 where our atmosphere is
highly transparent. This maximizes the thermal radiation emitted by a PRC to outer
space, a cold reservoir at approximately 3-4 K temperature scales, which is accessible
to terrestrial objects due to: i) the inherent transparent nature of the atmosphere in
the spectral range of 8 µm to 13 µm commonly known as the infrared ‘atmospheric
transmission window’, and ii) the spectral intensities of radiation emitted by objects
at terrestrial temperatures (273 K ˘ 100 K) are primarily distributed in the spectral
ranges beyond 2.5 µm. This phenomenon is shown by the squiggly arrows in Fig. 1.1.
Over the previous six decades, several researchers have reported PRC structures
with spectrally selective surfaces with the goal of achieving near-perfect emission
in the atmospheric transmission window.6–53 Government-funded research programs
to reduce solar and atmospheric radiative loads on buildings in the early 70s also
resulted in various commercial coating products. Lastly, walls and roofs covered with
vegetation layers have also become popular around the world to reduce the thermal
loads on building envelopes and UHI in urban climates. In the following sections, I





































































































Figure 1.2: Number of newly proposed PRC structures in the form of patents and
scholarly publications from 1960. The inset shows the innovations that have taken
place in the current decade.
1.2 Spectrally Selective Surfaces
Since the start of the 60s, various researchers across the world have proposed new
structures for PRCs under different climatic conditions. One of the earliest inno-
vations to achieve a spectrally selective surface was a patent by Head in 1959 who
proposed a method for refrigerating structures by using surfaces that emit strongly
in the infrared wavelengths.6 The number of innovations in the field since the 60s are
shown in Fig. 1.2. In the early 70s, many studies demonstrated that thin films of
polymers such as polyvinylflouride (PVF, Tedlar),8,9 polyvinylchloride (PVC),7 and
polymethylpentene (PMP, TPX)13 deposited on aluminum substrates can achieve
values of ∆T in range of 20-30o C.
In the 80s, the U.S. Department of Energy (DOE) launched a funding program
5
in states like California and Tennessee to reduce solar heating on rooftops with the
goals of lowering air conditioning usage and mitigating the urban heat island effect.
Due to its minimally obstructed view to the sky, a flat or low-sloped roof receives the
highest incident solar radiation loads on a building envelope. To account for cooling
during the daytime, researchers initially compared existing paints and addition of
titania (TiO2) particles to their PRCs to decrease solar absorptivity.
10,15,27,30,54 The
study of selective emission behavior gained significant popularity in the 1980s due to
seminal works of Granqvist and his successors. They demonstrated that thin films
of inorganic substances like silicon monoxide (SiO),16 silicon nitride, (SixN4)
17 and
alumina (Al2O3),
23 as well as trapped gases such as ethylene and ammonia,24,25 can be
used as night time PRCs. Researchers further studied different model atmospheres,55
and developed outdoor testing techniques,11,14 which paved the way for future work
in the field.
From the late 90s leading up to the present, many researchers have taken advan-
tage of nanofabrication techniques to develop structures such as alternating layers of
multilayer thin films41,47,49,56 and photonic structures38,45,57,58 to maximize the day-
time and nighttime cooling performance of PRCs. We attribute the explosion of
publications from 2015 to present to the seminal work of Raman et al.56 who demon-
strated sub-ambient day time cooling of his PRC shown in Fig. 1.3(B) for reference.
Although it is difficult to counteract the heat gained by an object due to incoming
solar irradiation, temperature reductions up to 12o C below the ambient temperature
during the day was reported by Raman.
More recently, polymeric PRCs have gained renewed interest from the scientific
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community due to their low costs and potential scalability on building surfaces.
Thin films of polymers such as polyethylene (PE)59 and TPX doped with inorganic
nanoparticles42 atop metal substrates have shown sub-ambient temperature reduc-
tions of nearly 5o C. In his seminal work, Mandal demonstrated that inclusion of
porous air voids in a poly(vinylidene fluoride) can also generate sub-ambient temper-
ature reduction in various climates.46 The usage of polydimethylsiloxane, (PDMS)
which will be discussed in Chapter 3, has also shown to enhance the radiative prop-
erties of PRCs.39,44 Table 1.1 shows the levels of sub-ambient cooling in terms of ∆T
reported by selected previous works during the day and night time, and provides the
year in which the selected works were published.
The spectral tailoring of emissivity of the PRCs shown in Table 1.1 differs based
on the type of structure and application. Some works only report night time results
either due to the lack of emissivity data of their structures in wavelength regions
under 2.5 µm or because of the particular applicability of their structures. The works
after year 2016 shown in Table 1.1 show experimental day time cooling reductions
of 5 to 10o C, but also show an increase in structural complexity. I also provide
the locations of the selected works since the local environmental conditions such as
relative humidity, air temperature, solar radiation, and wind speed play a crucial role
in the sub-ambient temperature reduction of a PRC. In Chapter 2, I will address how
the location of the PRC affects the thermal performance of the surface in more detail.
However, a brief discussion of the experimental procedures used by the selected works
in Table 1.1 is required to better understand the assumptions under which the ∆T
values are applicable.
7
All experiments shown in Fig. 1.3 use foam or wooden insulation to reduce any
parasitic conductive heat gain on their PRC structures. The selective emission behav-
ior of the PRCs shown in Fig. 1.3(A) minimize the solar heat gain and maximize the
radiative heat transfer emitted to outer space through the atmospheric transmission
window. The values of ∆T reported by these works shown in Fig. 1.3 are representa-
tive of the true radiative cooling power emitted by their PRCs where the convective
heat transfer rate over the surface, and conductive heat gains are minimized. In Fig.
1.3(B), (C), and (D), I show the structures and experimental apparatus of selected
seminal works in the field of passive radiative cooling. Both Catalonitti8 and Ra-
man56 use a polyethylene (PE) cover to reduce the convective heat transfer rate to
the surface of their PRC whereas Mandal46 uses a radiation shield to reduce the solar
heat gain on his experimental apparatus. The authors in all the works report val-
ues of a combined convective and conductive heat transfer coefficients to account for
parasitic heat gain during experimentation. In Chapter 5, I show how some selected
PRCs including the ones shown in Fig. 1.3 perform on a building’s surface where full
convective and conductive heat gains are considered.
1.3 Commercial Cooling Products for the
Building Envelope
Even though DOE researchers had been investigating the cooling potential of paints














Figure 1.3: (A) Spectral emissivity/absorptivity of selected works shown Catalonitti8
(red curve), Raman56 (blue curve), and Mandal46 (green curve). Portions of the
emission spectra are missing because the authors do not report values in those regions.
(B) Structure of the PRC and experimental apparatus used by Catalonitti.8 (C)
Structure of the PRC and experimental apparatus used by Raman.56 (D) Structure
of the PRC and experimental apparatus used by Mandal.46
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Table 1.1: Results of sub-ambient temperature reduction, ∆T reported by selected
works. ˚ indicates experimental works that include an insulating cover atop their PRC
during testing. ˚˚ indicates experimental works that did not include a insulating cover
atop their PRC during testing. D indicates day time. Works with ˚ or ˚˚ are modeled
results. N indicates night time. Exp. indicates experimental results. Mod. indicates
modeled results. High values of ∆T ą 0 are desirable.
Author, Year Structure ∆T (o C) Location
Trombe, 1967,7 PVC | Aluminum 15-20 (N)(˚) France
Catalanotti, 19758 PVF | Aluminum 15 (N)(˚) Italy
Granqvist, 198016 SiO | Aluminum | Glass 13.8 (N)(˚) Sweden
Berdahl, 198354 MgO | Aluminum 22 (N)(˚) Berkeley, CA
Gentle, 201059
PE doped with













7 alternating layers of
HfO2 and SiO2 | Silver | Silicon
5 (D) (˚) Stanford, CA
Zhai, 201742
PMP doped with










Li, 201950 Porous AlPO4 Membrane 4-5 (D) (˚˚) China
not seen until the early 2000s. Prior to 2000s, the regulations set forth by DOE and
adopted by the American Society of Heating, Refrigeration, and Air-Conditioning En-
gineers (ASHRAE) did not require externally applied paints and coatings to mitigate
UHI and air-conditioning usage in buildings. Moreover, the construction industry re-
lied heavily on increasing thermal insulation on the building envelope to reduce space
cooling and heating loads. While improving thermal insulation is a sound strategy to
increase the thermal barrier between the external air and internal conditioned air of
a building, the ability of a specialized PRC surface to cool itself below sub-ambient
10
temperatures generates far greater energy savings for a building.
1.3.1 Roofs of Buildings
The ’cool-roof’ program started by the DOE in the 80s was adopted by the ASHRAE
90.1 standard for commercial and residential buildings in 1999.60 Buildings in south-
ern states such as California, Arizona, Texas and Florida are now required to meet
certain cool-roof standards depending on the type of construction. A discussion of ex-
isting PRC technologies would be incomplete without a brief overview of the existing
suite of commercial PRC products for the roof.
Since its development in 1998, the Cool Roof Ratings Council (CRRC) has been
the primary crediting organization accepted by ASHRAE and DOE to rate the radia-
tive properties of several types of commercial roof products. A CRRC product rating
comprises of initial and 3-year aged values of both solar absorptivity and thermal
emissivity, which are determined using robust testing protocols. Building and home
owners rely on these product ratings to determine their levels of energy savings, and
if they are able to meet the ASHRAE 90.1 standards in their region. The 3-year aging
or weathering tests required by CRRC expose the products to moisture, ultraviolet
radiation, dust, and other mechanically-induced stresses that are representative of a
3 year exposure on the surface of a roof.61 The tests also account for the construc-
tion of the roof, and the coating thickness determined by the manufacturer. In Fig.
1.4, a summary of the average solar absorptivity (orange bars) and average thermal
emissivity (blue bars) values of several types of roof products is provided. In the con-
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struction industry, roofs are categorized into low-sloped (pitch less than 18 degrees)
and steep-sloped (pitch greater 18 degrees), and roofing products are chosen based
on the construction, climate, and use-ability of the roof.
The low-sloped roofing products shown in Fig. 1.4 all have a ’white’ appearance,
which results in lower values of solar absorptivity. While the surface of the ’Metal’
roof is pre-coated or post-coated with white or ’cool’ paints, the rest of the structures
are composed of polymers such as thermoplastic olefins, PVC, silicone, acrylic, and
urethane. These polymers however, are chosen not for their selective emission behav-
ior, but for their long-term structural performance and compatibility with other roof
elements. To achieve low values of solar absorptivity, these products and paints are
typically pigmented with TiO2 particles. To enhance the values of thermal emissivity
of these polymeric structures, dopants such as SiO2, Al2O3 and other inorganic com-
pounds that have resonance frequencies in the infrared spectrum are used. In Fig. 1.4,
we also observe that the values of absorptivity of these products show considerable
degradation over 3 years due to dirt and soiling, whereas the changes in emissivity
are minimal. This has been identified as one of the biggest drawbacks of cool roofing
solutions as the surfaces lose their ability to reflect solar radiation by 10 - 20 % in a
few years. Researchers in the industry continue to work on self-cleaning technologies
to minimize the soiling of these coatings products. Structurally, however, the roof
coatings provide the same life time as any conventional roof coatings not certified
by CRRC (approximately 20 years). Since steep-sloped roofs have lower established
standards to meet as per ASHRAE 90.1, the product types shown in Fig. 1.4 have
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Figure 1.4: Absorptivity or emissivity of various roofing products by roof and mate-
rial type shown. The values of absorptivity or emissivity are obtained from averages
of nearly 3000 products in the CRRC database.61 TPO stands for Thermoplastic
Olefin. Membrane/sheet assemblies come in rolled forms or sheets and are adhered/-
fastened to existing roof structures. Coatings are either spray-coated or brushed on
to existing surfaces.
important for aesthetic reasons.
While several researchers discussed in Section 1.2 have optically tailored their
PRCs to achieve near-perfect radiative properties, commercial roofing solutions face
a stricter set of standards mandated by the American Society of Testing and Ma-
terials (ASTM D6694, D6083, D6947) to provide robust mechanical behavior, water
sealing, and fire retardation properties. Researchers interested in investigating the
commercialization of their PRCs should consider the following criteria. First, acceler-
ated ultraviolet and moisture testing should be performed to rate a PRC’s initial and
3-year spectral emission behavior. A PRC that shows the lowest change in α and ε val-
ues will be highly promising for commercial adoption. Second, the scalability of PRCs
on a roof or building needs to be considered. As shown in Fig. 1.4, products come in
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the form of coatings (brushed or spray coated) and membrane/sheet assemblies, and
show adhesion compatibility to various base materials. PRCs from academia should
also aim to show ease of application and scalable manufacturing capability. Third,
the mechanical durability of a PRC to withstand long-term moisture as well as heavy
rain and snow should be considered. The developments of cracks and indentations
on a PRC surface can lead to water leakage and lower the life of a roof. For instance,
some commercial roofing products show a specified life of 20-25 years.62 Fourth, the
aesthetics and color of a PRC are important for home and building owners, and the
addition of dyes should also be considered in PRC design. Finally, the cost of roofing
products is a major driver among building and home owners. Only a few works from
academia have performed building level energy simulations on rooftop PRCs to de-
termine the reduction in energy consumption.31,56,63 A thorough cost-benefit analysis
of a PRC is paramount for commercial adoption.
1.3.2 Vertical Walls of Buildings
For a PRC to maximize energy savings on a roof, it should encompass as much surface
area of the roof as possible. This is most often not feasible since the roofs of com-
mercial and residential buildings house mechanical heating, cooling and ventilation
equipment. Additionally, in many parts of the world, the roof is considered a use-able
space for building residents and users. Many of the cool roofing solutions that are
white in appearance will not be feasible under these circumstances, and hence, the
vertical walls or facades of a building become more suitable for implementation of
14
PRC solutions.
In contrast to the well-established standards for a roof, ASHRAE 90.1 only pro-
vides minimum requirements for α “ 0.72, and ε for the east and west walls of
buildings, if these surfaces are unshaded.60 Only levels of insulation are prescribed
for different regions in the United States. Recently, Levinson et al. from the Heat
Island Group at the Lawrence Berkeley National Laboratory (LBNL) have developed
coatings and performed numerous modeled studies on the benefits of ’cool’ walls.64
Using a variety of colored coatings and spectrally selective coatings shown in Fig.
1.5, Levinson et al. have modeled cooling load reductions of up to 4 to 27 % for a
variety of buildings in California. They also demonstrate that cool walls experience
less soiling than roof coating products, and provide additional thermal comfort to
pedestrians reducing the net effect of UHI in urban California.
Special attention needs to be paid to the values of solar reflectivity, ρ (ρ “ 1´α)
when considering coatings on walls. A high overall value of ρ at all angles can visually
impair pedestrians, vehicle drivers, and can potentially heat up other objects in the
vicinity. A bright-white wall is, hence assigned a maximum ρ of 0.9. The work by
Levinson and his group on cool walls has elicited national interest, and the CRRC
has recently started to develop protocols for walls.
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Figure 1.5: Figure and caption directly obtained from Levinson.64 ‘SR’ stands for
solar reflectance, ρ. Initial images and radiative properties of some wall products char-
acterized by LBNL, including AM1.5GV (air mass 1.5 global vertical) solar reflectance
(SR) and CIELAB color coordinates (L*, a*, b*) computed with D65 illuminant and
10 observer. Specimens in upper group are colored with conventional pigments, while
those in the lower group are colored with spectrally selective pigments (“cool colors”).
1.4 Vegetated Surfaces as Passive Coolers
1.4.1 Green Roofs
Vegetated roofs, more commonly known as green roofs have been in use since pre-
historic times. For instance, the famous Hanging Gardens of Babylon of 500 B.C.
were considered as one of the seven wonders of the ancient world. The modern green
roof system was first developed in the 1960s in Germany, and is made up of a series
of insulating, water proofing, and structural layers placed over a conventional roof to
support soil and vegetation layers. Green roofs can be broadly categorized as either
extensive (full garden with trees and various plant species) or intensive (lighter weight
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with smaller plant species), and the benefits of both types of system are plentiful.
For the building, the system provides reduced energy usage for space heating and
cooling by not only providing additional thermal mass, but via means of radiative
cooling and evapotransipiration. The incident solar radiation to the soil layer and
building is reduced due to the shading offered by leaves and plants on roof. The term
evapotranspiration is the ability of a plant to absorb water/moisture and emit latent
heat from its leaves. The unique ability of plants to do so results in net heat loss,
and lower surface temperatures. This process has not only shown to reduce energy
usage for the building, but has shown to decrease the local ambient air temperature
itself. In a local environment, a green roof system can hence, reduce UHI levels,
provide additional thermal comfort, improve storm water management and water
quality, and generate a better of quality of life.65 Experimental studies in Chicago
compared a green roof to a dark roof on an adjacent building. The dark roof’s surface
temperature was approximately 40 oC higher on a hot summer day. The ambient air
temperature above the green roof also showed cooling of about 27 oC.66 In another
experiment performed in Florida, a green roof showed nearly 30 oC cooling over a
conventional lightly-colored roof surface.67
Even though green roof systems provide a wide range of benefits to the building
and local climate, they are still not as widely adopted by home and building owners in
the United States. The initial capital expenditure of installing a green roof system is
much higher than that of a commercial roof coating. The additional insulating layers,
water membranes and irrigation systems drive up the installation cost of a green roof.
Further, high maintenance costs can also be incurred by the building owner.66 The
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potential energy savings of a green roof are not easily realized by a building owner or
architect designing the building. Only few software programs such as TRNSYS, Ener-
gyPlus and Design Builder currently have a green roof model developed by Sailor68–70
that integrate evapotranspiration to account for moisture movement in the system.
These models provide initial estimates of energy savings and have fit previous experi-
mental measurements well. Over the last few decades, several additional models have
been developed to study green roof systems in more detail.68–85 However, they do not
take into account various factors such as irrigation management, drying/withering of
leaves, seasonal differences, and other plant physiological properties that can add to
the maintenance costs and reduce the overall performance of a green roof system.
1.4.2 Green Walls
A vertical greenery system (VGS) or a green wall is defined as a facade or wall of a
building covered with a vegetation layer. Green walls are categorized into two types:
green walls with a soil layer are commonly referred to as living walls; and green walls
without a soil layer are simply referred to as green walls or green facades. Typically,
the plants used in green facades are self-climbing plants or creepers either supported
by the wall itself (direct systems) or metallic frames and trellises (indirect systems).
VGS systems on the opaque vertical facades of buildings can mitigate the effects
of UHI in cities and provide energy savings for a building by means of evapotranspira-
tion and solar shading. They further lower the air temperature fluctuations adjacent
to the wall, which has also shown to increase the lifetime of a wall. Until recent
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decades, the most common benefits of green walls have been for visual and aesthetic
appeal. Interestingly, there have been at least seven review articles on the thermal
performance of different types of VGS systems.86 In their review conducted in 2019,
Seyam et al. report a combination of model data, and experimental and field mea-
surements performed on VGS systems around the world in the last decade.86 I provide
a brief summary of the surface temperature reductions reported by studies performed
on direct and indirect green facades in Table 1.2. According to the literature review
performed by Seyam et al.,86 green walls demonstrate high levels of temperature re-
duction compared to a reference bare surface during the summer season when the
incident solar radiation levels are the highest. During the winter season, the levels of
temperature reduction are generally lower. Publications on living wall systems report
similar ranges of temperature reductions in summer and winter seasons.81,87–97
Interestingly, only three researchers in the previous decade have developed ther-
modynamic models to evaluate the thermal performance of green facades108,110,113
whereas only two researchers of report a models for living wall systems.81,88
These models vary in their approach of solving for evapotranspiration, convective
and radiative heat transfer, and only apply to their selected experimental configu-
rations. Suklje et al.108 investigates configurations with single and double layers of
indirect green facades, whereas Susorova et al.113 proposes a model with a single direct
green facade. The model proposed by Flores et al.110 uses the EnergyPlus software to
simulate the solar shading benefits offered by a green facade. Each of the models is
limited by the particular configuration of the corresponding green wall, and seasonal
variations in the physiological properties of leaf species are not considered. To date
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Table 1.2: Temperature reduction offered by a green wall or facade (both direct and
indirect) reported by selected works presented by Seyam86 in the last decade. Tref is
the temperature of a reference bare facade without greenery adjacent to it. ˚ indicates
experimental works based on an experimental model setup. ˚˚ indicates day mea-
surements performed on a building’s wall. m˚ indicates modeled and experimental
results. D indicates day time results. N indicates night time results. For those works
that do not have the distinction between day and night, the authors report only day
time temperature reductions.
Author, Year Tw ´ Tref (
o C) Location, Season
Xing, ’1998 15 (D), -3 (N) (˚) China, winter
Vox, ’1899 2-7 (sum), -2.5-5 (win) (˚) Italy, all
Widiastuti, ’18100 2-13 (*) Indonesia, monsoon
Coma, ’17101 17-22 (sum), -0.3-0.7 (win) (˚) Spain, all
Cuce, ’17102 4-6 (˚˚) UK, spring
Haggag, ’17103 12-14 (˚˚) UAE, summer
Ottele, ’17104 1.7 (sum), NA (win) (˚) Italy, all
Perez, ’17105 10.1-16.4 (˚) Spain, summer
Perini, ’17106 8 (˚˚) Italy, summer
Basher, ’16107 0.7 - 6.4 (˚) Malaysia, summer
Suklje, ’16108 29-24 (m˚) Slovenia, summer
Cameron, ’15109 -1.3 (˚) UK, winter
Flores, ’15110 1-2 (m˚) Argentina, summer
Bolton, ’14111 3.1 (˚˚) UK, maritime
Coma, ’14112 10 (˚˚) Spain, summer
Susorova, ’13113 1.2 (m˚) USA, summer
Perez, ’11114 5.5-15.8 (˚) Spain, all
Perini, ’11115 2.7 (˚˚) Holland, all
Cheng, ’10116 2-16 (˚) China, summer
Wong, ’10117 7-12 (˚) Singapore, monsoon
and to my knowledge, a comprehensive model to evaluate the thermal performance of
any green wall configuration that accounts for different leaf parameters, wall configu-
rations and different climates has not been published. To my knowledge, the building
energy simulation software like TRNSYS, EnergyPlus and Design Builder have not
yet incorporated green facades (without soil layers) into their product offerings. In-
stead, a thermodynamic models in engineering software are only available for living
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walls and are based on the initial work of Sailor68 and the Food and Agricultural
Organization118 for horizontal crops with a soil layer.
1.5 Purpose and Outline of This Work
The goal of this work is two-fold: firstly, to provide a theoretical framework to de-
termine the net energy balance for surfaces exposed to the sky and for green facades;
secondly, to extend the thermal models of both strategies to a building envelope to
evaluate their cooling performance under different climates. With these goals in mind,
I investigate the cooling potential of spectrally selective materials or selective emitters
and green facades as a function of atmospheric humidity, solar radiation, and con-
vective heat transfer coefficients. The key results of this work indicate the minimum
radiative properties, α and ε required by selective emitters to achieve cooling under
varying climatic conditions. By proposing a thermodynamic model for the energy
budget of green facades, my work also discusses the appropriate conditions needed to
make green facades an effective strategy on buildings. Using these thermal models,
the results of this dissertation provide key insights on selecting a passive strategy for
building envelopes based on their geographic location.
Additionally, several appendices are provided for convenience of reference. Ap-
pendix A discusses the fundamentals of thermal radiation between two objects. Ap-
pendix B provides details about the atmospheric models. Appendix C provides charts
to identify the values of solar absorptivity, α and thermal emissivity, ε of flat surfaces
facing the sky under different solar loads and humidity. These charts are given in the
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form of contours of sub-ambient temperature reduction at different values of α and ε.
Appendix D provides more details on a few select convective heat transfer coefficients
commonly used in building energy simulation software. Appendix E explains how I
evaluate the transient thermal response of a wall in this work. Appendix F discusses
the energy budget of a single leaf, and how leaf properties like stomatal conductance
and width affect its temperature at thermal equilibrium.
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Chapter 2
Fundamentals of Passive Radiative Cooling
2.1 Outline of Chapter
In this chapter, I will derive the equation for one-dimensional heat transfer for a sur-
face exposed to convective and radiative heat transfer boundary conditions. This will
prove to be crucial in understanding the thermal response of objects facing the sky.
To achieve a deeper understanding of the radiative boundary conditions for such an
object, the fundamentals of thermal radiation provided in Appendix A will be used.
Next, I will demonstrate how sub-ambient cooling via radiative cooling is achieved,
and introduce two surfaces with idealized radiative properties to show the theoretical
limits to passive radiative cooling. Because the atmospheric transmission spectrum
plays a critical role in regulating the temperature of radiative coolers, I will discuss
the effect of atmospheric gases on the spectrum of radiative heat transfer, and com-
pare well-accepted sky emissivity correlations to models obtained from MODTRAN.
Lastly, I will demonstrate the diurnal thermal response of selective emitters, and re-
late their cooling performance back to environmental factors like relative humidity
and solar radiation.
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2.2 Heat Diffusion for an Arbitrary Control
Volume
For an arbitrary fixed control volume, V (m3) of constant mass shown in Fig. 2.1,
















where the control volume has temperature at a given time, T (K); specific energy,
e (J kg´1); density, ρ (kg m´3); specific heat capacity, cp (J kg
´1 K´1); thermal
conductivity, κ (W m´1 K´1); and volumetric heat generation, q3 (W m´3). The
control volume is assumed to have a heat flux, q2 (W m´2) on its boundary, and a
normal vector, n as shown in Fig. 2.1.








where q2 is the heat flux vector, n is the unit vector normal to the surface element dA,
and the integral over the entire system is considered. This area integral is converted
into a volume integral using the Divergence Theorem:120
ż
A
q2 ¨ ndA “
ż
V





𝑒, 𝜌, 𝑐𝑝, 𝜅
𝒒’’
Figure 2.1: An arbitrary control volume with volume V . The control volume has
properties specific energy, e, density, ρ, specific heat, cp, and thermal conductivity, κ
that are uniform for all points in the system and constant at all times.







`∇ ¨ q2 ´ q3
¯
dV “ 0 (2.4)
which is valid for a fixed control volume for any arbitrary shape. For the volume





`∇ ¨ q2 ´ q3 “ 0 (2.5)
Fourier’s Law of heat conduction can be used to define the transient heat flux per
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unit area through a control volume:
q2 “ ´κ∇T (2.6)
where the control volume is isotropic, and that κ is uniform at all points within the
system. In this work, κ does not depend on temperature throughout the system. By
substituting the Fourier’s Law of heat conduction into Eq. 2.5, the thermal energy




“ ∇ ¨ κ∇T ` q3 (2.7)
The term, βq “ κ{ρcp (m
2/s) is known as the thermal diffusivity of the control volume,






“ ∇2T ` q3{κ (2.8)











Henceforth in this dissertation, I consider only one-dimensional heat transfer through
a planar object exposed to convective and radiative boundary conditions. I also make
the assumption that there is no internal volumetric heat generation in the planar
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2.2.1 1-D Heat Conduction for a Planar Object Exposed to
the Sky
Both numerical and analytical solutions for the partial differential equation in Eq.
2.10 depend on the type of boundary conditions and initial conditions imposed on the
control volume. I apply the partial differential equation in Eq. 2.10 for the limiting
case of a planar wall or slab as shown in Fig. 2.2 with a constant temperature at the
interior. Since I am interested in the sub-ambient cooling of the surface exposed to
the ambient conditions and the sky, I will focus on the exterior surface of the planar
object in this work, and fix the the interior surface temperature to an arbitrary
constant at all times (T pL, tq “ Tinq. This makes the temperature distribution inside
the wall spatially linear in one dimension (i.e. x-axis as shown in Fig. 2.2) Under this
assumption, and including the boundary conditions shown in Fig. 2.2 for the exterior
surface of the wall, the partial differential equation in Eq. 2.10 can be converted to







pTsptq ´ Tinq ` Pconv ´ Prad (2.11)















Figure 2.2: Schematic of a planar object exposed to ambient conditions at tempera-
ture Ta and the atmosphere. The exterior surface is shown to have radiative thermal
loads, Prad and convective thermal loads, Pconv. The atmosphere is shown by gray
dashed curves, and is shown to emit thermal radiation, IatmpTaq at a certain Ta. Solar
radiation, Isol is shown to penetrate through the semi-transparent atmosphere. Both
IatmpTaq and Isol are incident on the exterior surface and contribute to Prad.
The term on the left-hand side of Eq. 2.11 represents the amount of heat stored






The first term on the right-hand side of Eq. 2.11 is the conductive heat transfer per





pTs ´ Tinq (2.13)
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In Eq. 2.11, Pconv is the convective heat transfer rate per unit area (W m
´2):
Pconv “ hcpTa ´ Tsq (2.14)
where Ta is the ambient air temperature, and hc is the convective heat transfer co-
efficient between the ambient air and the exterior surface (W m´2 K´1). hc can
be fundamentally derived from boundary layer theory based on properties such as
wind speed, ambient air temperature, and surface orientation and temperature. In
this work, I will be using values of hc derived from well-developed correlations that
combine natural and forced convection effects at a surface based on boundary layer
theory. A few of these correlations are provided in Appendix D.
The last term, Prad in Eq. 2.11 is defined as the net radiative heat transfer per unit
area (W m´2). To fully define this term, introduction to the fundamental concepts
of thermal radiation covered in Appendix A is required. The radiative loads on a
surface as shown in Fig. 2.2 will be clarified in the following section to develop an
understanding of how passive radiative cooling is achieved by an object facing the
sky.
Equation 2.8 has been simplified into a first-order linear differential equation in
time based on the aforementioned assumptions and boundary conditions to evaluate
the exterior surface temperature. To investigate the steady-state temperature of
an exterior surface without considering thermal storage and conduction through the
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object, Eq. 2.11 can be further simplified to:
Pnet,sspTsq “ Prad ´ Pconv (2.15)
where Pnet,sspTsq is the steady-state cooling power per unit area of an object exposed
to the sky at a steady-state temperature, T . As per Eq. 2.15, sub-ambient cooling of
an object can be achieved if Prad is maximized and Pconv is minimized.
2.2.2 Radiative Heat Transfer at the Surface
The net radiative heat transfer rate per unit area on the exterior surface, Prad is
defined as:
Prad “ Pemit ´ Patm ´ Psolar (2.16)







dλdθ sin θ cos θEBBpTs, λqεpλ, θq (2.17)
where λ is the wavelength (µm); εpλ, θq is spectral and directional emissivity of a real
surface as defined by Eq. A.5; and EBBpTs, λq is the emissive power of a blackbody
defined by Eq. A.3. The spectral intensities of blackbodies at temperatures 273
K - 323 K are shown in Fig. 2.3. The angle, θ defined in Appendix A represents
the directional of thermal radiation emitted by a surface. The total radiative power
emitted by a surface per unit area (W m´2) is obtained integrating over all angles and
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wavelengths. Patm is the total power absorbed by the surface due to the atmospheric
radiation (Iatm) per unit area (W m






dλdθ sin θ cos θεpλ, θqIatmpTa, λ, θq (2.18)
where Kirchoff’s Law121 (described in Appendix A) is used to replace the absorptivity
of the surface with the emissivity of the surface. IatmpTa, λ, θq is the spectral and
directional radiative power emitted by the atmosphere at ambient air temperature,
Ta:
Iatmpλ, θq “ EBBpλ, Taqεatmpλ, θq (2.19)
εatmpλ, θq is the spectral directional emissivity of the atmosphere,
122 modeled as
εatmpλ, θq “ 1 ´ τpλ, 0q
1{ cospθq. The atmosphere is considered to be semi-transparent
with reflectivity, ρ “ 0. The spectral transmittance of a modeled atmosphere based
on U.S. 1976 Atmospheric Standard123 is shown in Fig. 2.3 as the blue shaded re-
gion. The modeled atmosphere is obtained from the MODerate Spectral Resolution
Atmospheric TRANsmittance (MODTRAN) software.122,124 Atmospheric radiation
depends highly on the absorption of constituent atmospheric gases such as water va-
por, carbon dioxide, and ozone. More details of atmospheric models and how these
gases affect Iatm will be provided in the subsequent sections of this chapter.
The total power absorbed by the surface per unit area due to solar radiation, Psolar
31





where θs is the angle at which the surface faces the sun, and Isol is the spectral solar
radiation incident on a surface. The spectral distribution of solar radiation obtained
from the American Society for Testing and Materials (ASTM) standard G-173-03125
is shown in Fig. 2.3. The standard spectrum relies on model assumptions for the
U.S. 1976 model atmosphere to calculate the diffuse component of solar irradiance
reaching the Earth’s surface, which accounts for absorption, scattering, and reflection
of constituent atmospheric gases, aerosols and other species. As shown in Fig. 2.3,
the spectral distribution of the solar radiation extends up to 2.5 µm and is attenuated
by the Earth’s atmosphere at certain spectral bands where the atmosphere is highly
absorptive. The solar irradiance shown in Fig. 2.3 is referred to ’global’ or total
spectral irradiance within a 2π steradian field for an air mass of 1.5 (AM 1.5).126 The
air mass, AM is the path length which electromagnetic waves emitted by the sun take
through the atmosphere, and is normalized to the shortest possible path length when





It is a measure of the attenuation of solar radiation through the atmosphere, and a
spectral distribution at AM 1.5 corresponds to a solar zenith angle, θs “ 48.19
o. AM
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1 corresponds to θs “ 0
o. The direct normal component of solar radiation reaching
the Earth’s surface is also included in the global solar radiation. The solar spectrum
provides a theoretical limit to the total solar radiation that is transmitted through
the Earth’s atmosphere and reaches the Earth’s surface. The global or ’total’ solar
radiation at the Earth’s surface is typically a measured quantity representative of
an integral over all wavelengths.126 Often, the spectral distribution of emissivity of a
surface is not known at all wavelengths, and a measured value of total solar radiation
becomes more convenient to use. In my work, I use a simpler form of Psolar when
the spectral behavior of α for certain materials is not known. The simpler form of
Psolar “ αIsol,meas where α “ ε (Kirchhoff’s Law), and Isol,meas is the measured total
solar radiation incident on a surface.
𝟎 ≤ 𝝉𝐚𝐭𝐦 ≤ 𝟏
(axis not shown)
Figure 2.3: Spectral intensities of solar irradiance at AM 1.5 (scaled) is shown by
the red curve. This quantity has been scaled to be plotted on the same figure as
the blackbody spectra for temperatures 273 K to 323 K shown by the shaded green
curves. The atmospheric transmittance spectrum for the U.S. 1976 Standard have
been obtained from MODTRAN122,123 as the blue shaded region (axis not shown).
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Equations 2.16 - 2.20 provide the general framework for evaluating the net radia-
tive heat transfer rate per unit area for a surface exposed to the sky. As previously
shown in Eq. 2.15, Prad for a surface needs to be maximized to achieve passive ra-
diative cooling. To maximize this term, Pemit needs to be maximized while Patm and
Psolar need to be minimized. In reality, the emission of thermal radiation is spec-
trally distributed over different wavelengths as shown in Fig. 2.3. The green shaded
curves represent thermal emission of a blackbody (ε “ 1) at terrestrial temperatures
between 273 K (lowest curve) to 323 K (highest curve). Coincidentally, the atmo-
sphere’s spectral distribution of absorption (transmission) is low (high) in wavelength
regions where terrestrial objects demonstrate their emission peaks. This wavelength
region where the atmosphere is highly transparent is between 8 µm to 13 µm, and is
ubiquitously referred to as the atmospheric transmission window in the field of pas-
sive radiative cooling. By utilizing the atmospheric transmission window, objects at
terrestrial temperatures can emit thermal radiation through the atmospheric trans-
mission window to extraterrestrial temperatures (3 - 4 K) offered by outer space.
Typical every day examples of this phenomenon can be observed when dew is formed
on leaves or other outdoor surfaces exposed to the night sky. In the absence of sun-
light (during night time), these surfaces can cool themselves below the local dew-point
temperature by emitting thermal radiation in spectral regions where the atmosphere
is highly transparent. In the context of building envelopes, surfaces such as the roof
and vertical walls can also take advantage of this phenomenon through means of op-
tical tailoring to strongly emit in the atmospheric transmission window and weakly
absorb solar radiation. In fact, the cooling potential can be maximized if we hypo-
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thetically set ε “ 0 in all wavelengths, and ε “ 1 only for wavelengths between 8 µm
to 13 µm. A hypothetical selective emitter such as this one can hence, theoretically
maximize the outgoing radiation and minimize incoming radiation from the sun and
atmosphere.
2.3 Sub-ambient Cooling of Idealized Surfaces
2.3.1 Perfect Solar Reflectors
Based on the theoretical model described so far, I now investigate the cooling potential
of idealized planar surfaces exposed to the sky by solving Eq. 2.15 for the steady-state
temperature, Ts. I select two idealized surfaces that are horizontal, opaque (τ “ 0)
and have full visibility to the sky defined as follows:
• Ideal Selective Emitter (ISE) defined as a perfect solar reflector, and selective





















1 : 8 µm ă λ ă 13 µm
0 : elsewhere























1 : λ ą 2.5 µm
0 : elsewhere
A perfect solar reflector reflects 100% (ρ “ 1, α “ 0) of incoming solar radiation from
the sun, which results in Psolar “ 0. For the remainder of this dissertation, the term α
will be used to define the solar absorptivity of an emitter in wavelength ranges under
2.5 µm, and the term ε will be used to define the thermal emissivity of an emitter in
wavelength ranges above 2.5 µm.
The emissivity profile for the ISE is chosen as such to take maximum advantage of
the atmospheric transmission window shown in Fig. 2.3. Using the emissive properties
of ISE and BE allows us to maximize the net radiative cooling power leaving a surface.
This is captured by the difference, Pemit ´ Patm.
The radiative power emitted by the ISE and BE surfaces, Pemit at 298 K (blue
regions), and absorbed by the surfaces due to atmospheric radiation, Patm at 298
K (red regions) are shown in Fig. 2.4. The difference in the blue and red area
represents the net radiative cooling power per unit area for an emitter in the infrared
wavelengths.
From Fig. 2.4, it is clear that an ISE shows a greater potential for cooling as
opposed to a BE surface. Since the ISE surface is spectrally selective in the atmo-
spheric transmission window, the power absorbed due to the atmospheric radiation is
minimized compared to that of a BE. As shown in Fig. 2.4, Patm is highly dependent
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on the emissivity (or transmissivity) of the atmosphere. Interestingly, the atmosphere
becomes more absorptive (less transmissive) with higher levels of humidity or water
vapor content, specifically in the wavelength range of 8 µm to 13 µm. Due to this
inherent nature of the atmosphere, Pemit ´ Patm for an ISE surface can in fact be
as low as that for a BE surface, resulting in poorer performance when convective
loads are considered. Hence, to get a true comparison of the theoretical performances
between ISE and BE surfaces, the effects of atmospheric humidity, and convective









Figure 2.4: (A) The emissivity of an ideal selective emitter (εISE) shown as black
dashed curve, and the emissivity of the 1976 U.S Standard Atmosphere (εatm) shown
as yellow dashed curve. (B) The emissivity of ideal broadband emitter (εBE) shown
as black dashed curve. For (A) and (B): The blue shaded region shows PemitpTsq
for ISE, and the red shaded region shows PatmpTaq. Axes for Pemit and Patm are not
shown for clarity. The area under the shaded regions represents the total power per
unit area (W m´2). Ts “ Ta “ 298 K.
To achieve sub-ambient temperature reduction, the temperature of a surface ex-
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posed to the sky must be lower than that of ambient air. The sub-ambient tempera-
ture reduction of a surface is defined by:
∆T “ Ta ´ Ts (2.22)
where ∆T ą 0 demonstrates passive radiative cooling.






























Figure 2.5: (A) The net radiative power per unit area of an ISE shown at varying
levels of humidity in the atmosphere as a function of ∆T (red curves). (B) The net
radiative power per unit area of BE shown at varying levels of humidity and haziness
in the atmosphere as a function of ∆T (magenta curves). For both (A) and (B):
Psolar “ 0. The convective heat transfer rate per unit area is shown by the dashed
curves at different values of hc. The intersection of the dashed and colored curves
represents the condition where Pnet,ss “ 0 at the steady-state temperature difference
∆T . Ta “ 25
o C for all curves.
The steady-state sub-ambient temperature reductions of ISE and BE are shown
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in Fig. 2.5(A) and (B), respectively at varying levels of atmospheric radiation due to
humidity and sky haze (shaded regions). The convective heat transfer rate per unit
area on the surface is also shown by the dashed curves for different values of hc. The
intersection of the colored curves and the dashed curves represent the steady-state
condition when Pnet,ss “ 0. Since the idealized surfaces are ’perfect’ reflectors of solar
radiation (Psol “ 0), convective heat transfer is actually a thermal gain that elevates
the temperature of the surface as shown in Fig. 2.5.
By taking advantage of the atmospheric transmission window, the ISE surface
clearly exhibits higher levels of sub-ambient temperature reduction than a BE surface
under all atmospheric loads. For the case when atmospheric radiation is lowest (dry,
clear) and convective loads are zero, the ISE experiences a temperature reduction of
as high as 80o C, which is more than a twofold increase over a BE surface. However,
for the case when hc and humidity (and haze) are at their highest, the additional
cooling benefits of ISE over that of a BE are minimal (approximately 1-2 o C at
hc “ 6). As discussed in Section 2.4, higher humidity levels decrease (increase) the
transparency (emissivity) of the atmosphere in the atmospheric transmission window
causing Patm to increase. Additional optically tailoring of a surface to achieve a near-
perfect alignment with the atmospheric transmission window can indeed improve
thermal performance in dry climates. In humid climates, however, a broadband
emitter can be as effective as a spectrally selective emitter. This has been elaborated
at varying atmospheric temperatures in Appendix C.
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2.3.2 Imperfect Solar Reflectors
Assuming α “ 0 for a surfaces is synonymous to simulating its temperature perfor-
mance during night time when Isol “ 0. The sub-ambient temperature reductions
shown in Fig. 2.5 can hence, be interpreted as night time reductions for ISE and BE
surfaces.
By setting the values of α ą 0 for ISE and BE surfaces, I now make these surfaces
absorb solar radiation and demonstrate the limits under which they can still achieve
sub-ambient cooling. To avoid confusion, I refer to these imperfect solar reflectors as
ISE˚ and BE˚.
For instance, in humid atmospheres and hc “ 6 W m
´2 K´1 in Fig. 2.5, an
addition of Psolar Ç 25 W m
´2 can make ∆T ă 0 for ISE˚. Whereas for BE˚ surfaces,
an addition of Psolar Ç 20 W m
´2 can make ∆T ă 0. If we further assume a peak value
for Isol “ 1000 W m
´2, then α Æ 0.02 for an ISE˚, and α Æ 0.025 for a BE˚ to achieve
passive radiative cooling. Even though this difference in α values between the two
surfaces is small, this consequence seems to be somewhat counter-intuitive at first.
Due to its superior capability of minimizing the absorption of atmospheric radiation
in the infrared wavelengths, one would expect an ISE˚ surface to demonstrate higher
cooling potential with a higher value of α than a BE˚ surface. However, this paradox
can be explained by taking a closer look at Fig. 2.3 and Fig. 2.4. Even though a
BE surface absorbs more atmospheric radiation due its broadband nature, it emits
thermal radiation over a broader wavelength range. Further, solar radiation absorbed
by surfaces with non-zero values of α can actually increase the surface temperature.
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Consequently, the emission of thermal radiation from a surface at higher temperature
will peak at lower wavelengths as shown in Fig. 2.3. While this shift results in a
lower values of Pemit for an ISE
˚, Pemit for a BE
˚ can still remain high due to its
wider spectral coverage.46,57
One way of demonstrating this behavior is by evaluating the difference, TISE˚ ´
TBE˚ at increasing values of α for both surfaces while holding Isol “ 1000 W m
´2
and Ta “ 25
o C. In Fig. 2.6, this difference in thermal performance between the
two surfaces is shown as contours at different values of α and hc. First, as expected
an ISE˚ surface shows better cooling performance than BE˚ surfaces when α “ 0,
and values of hc are low. However, for increasing values of α at a particular value of
hc, we notice that the BE
˚ surface starts to outperform an ISE˚ surface under both
humid and dry atmospheric conditions. Under a humid atmosphere, an ISE˚ surface
should be optically tailored such that values of α ă 0.035. For a dry atmosphere,
values of α can be higher as long as the heat transfer coefficients are low. The degree
of spectral tailoring and minimum requirements for α and ε are discussed in more
detail in Appendix C. Even for broadband emitters such as BE, higher values of ε are
needed to counteract the thermal gains from solar radiation due to non-zero values
of α.
Figure 2.6 demonstrates that a broadband emitter in the infrared wavelengths
can achieve better cooling performance than a spectrally selective surface for higher
values of α during the day time. This is not to say that a broadband surface will
demonstrate sub-ambient temperature reduction during the day. The presence of solar
radiation and non-zero values α will in fact raise the temperature of both broadband
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Figure 2.6: (A) Contours of TISE˚ ´ TBE˚ at different values of convective heat
transfer coefficient, hc and solar absorptivity, α for a humid and high haze atmosphere.
Ta “ 25
o C. (B) Contours of TISE˚ ´ TBE˚ for a clear and low haze atmosphere.
For both (A) and (B): Isol “ 1000 W m
´2, and Ta “ 25
o C. Negative contours
i.e. TISE˚ ´ TBE˚ ą 0 demonstrate that a BE surface shows greater sub-ambient
temperature reduction than an ISE surface.
and spectrally selective surfaces. When optically tailoring a PRC to achieve spectral
selectivity, both α and ε should be optimized based on environmental factors such
as humidity and solar radiation. Because atmospheric radiation plays a crucial role
in affecting surface temperature, I discuss the strong dependence of water vapor on
atmospheric radiation in the following section.
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2.4 Atmospheric Radiation
2.4.1 MODTRAN Atmospheric Models
Downward or down-welling atmospheric radiation incident on a surface, Iatm, depends
on the temperature and pressure of its constituent gas molecules. While nitrogen (N2)
and oxygen (O2) are the main gases present inside Earth’s atmosphere, their contri-
bution to the downward atmospheric radiation is weaker. In thermal or infrared
wavelengths beyond 2.5 µm, gases such as water vapor (H2O), carbon dioxide (CO2),
ozone (O3), carbon monoxide (CO), hydrocarbons and nitrogen oxides play a much
more significant role in affecting Iatm. This is mainly due to their strong emission
bands in the infrared wavelengths, which changes the transmissivity of the atmo-
sphere. Figure 2.7 shows the atmospheric transmission spectra for different climatic
regions available from MODTRAN, and Table 2.1 shows the corresponding values of
the total amount of certain gas species present in the atmospheric column at each
climate. For reference, the regions of strong emission bands of select gas molecules
based on their absorption spectra are shown in Fig. 2.7.127
The standard atmospheric transmittance models in Fig. 2.7, and Table 2.1 have
been developed by MODTRAN to generate baseline transmission spectra over broadly
defined climate zones. For each gas molecule, the values shown in Table 2.1 represent
the total amount of gas molecules that exist in a vertical column of the atmosphere
extending from the ground (0 km) to the top of the atmosphere (« 100 km). These
values are based on numerous meteorological studies performed, and are used by
MODTRAN to represent average atmospheric transmission spectra for each climate
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zone.124 As shown in Table 2.1, the amount of water vapor in the atmospheric col-
umn at each climate shows the greatest change, and has the biggest impact on the
atmospheric transmission spectra shown in Fig. 2.7. While the amounts of ozone and
other gases do change between atmospheres, their affects are masked by the stronger
emission bands of water vapor in the infrared wavelengths. Consequently, changes in
water vapor produce the most significant variations in the atmospheric transmission
spectra, with higher levels of water vapor making the atmosphere less transparent,
and vice versa. In particular, the atmosphere between 8 µm to 13 µm becomes less
transparent with higher levels of water vapor. As shown in Fig. 2.5 and Fig. 2.6,














Figure 2.7: Spectral atmospheric transmittance data shown for six different model
atmospheres generated by MODTRAN.122,124,128 The total amount of gases in an
atmospheric column for each model atmosphere are varied based on the models pre-
scribed by MODTRAN shown in Table 2.1. Variations in the concentrations of the
H2O concentration produces the greatest changes in the values of atmospheric trans-
mittance in this spectral range shown.
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Table 2.1: Total amount of gas species in an atmospheric column used in the standard
atmospheric models by MODTRAN in units atm-cm.124 Mixing ratios of CO2 and
other species besides H2O are considered to be 380 parts per million (ppmv). Gas
species not shown are N2O, O2, NH3, NO, NO2, SO2, HNO3. Aerosol levels are held
constant in all models.
Atmospheric Model H2O O3 CO2 CO CH4
Sub-Arctic Winter 517.73 0.3755 304.21 0.09092 1.2719
Mid-Latitude Winter 1059.7 0.37681 305.99 0.09003 1.2806
U.S. 1976 Standard 1762.3 0.34356 304.48 0.08874 1.3203
Sub-Arctic Summer 2589.4 0.33176 303.47 0.08805 1.2556
Mid-Latitude Summer 3635.9 0.33176 305.13 0.08774 1.2684
Tropical 5119.4 0.27727 305.87 0.08766 1.3243
When evaluating the thermal performance of PRC surfaces, atmospheric trans-
mission spectra must be appropriately selected to reflect the local climatic conditions.
MODTRAN allows the user to vary the levels of each gas species, which can be ob-
tained either from measurements or from databases such as NREL.129 Figure 2.5
shows that humidity can significantly impact PRC performance. However, the affects
of carbon dioxide, ozone, and even aerosols need to be considered because these gases
have historically been shown to vary with climate, and locality (industrial/urban
versus rural areas)
By holding the levels of other gas species constant, the levels of an individual gas
can be varied to study its impact on the performance of idealized PRCs. The U.S.
1976 Standard atmosphere was used as the baseline model for the analysis shown in
Fig. 2.8. For instance, Fig. 2.8(A) was produced with the total amount of gas species
shown in Table 2.1, and by changing the levels of water vapor from low humid to high
humid conditions.
Figure 2.8 reinforces that the sub-ambient temperature reduction is strongly de-
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pendent on the amount of water vapor present in the atmospheric column above
a surface. To change aerosol amounts, MODTRAN allows the user to select four
different aerosol computation schemes to model the atmosphere.124 In Fig. 2.8, an
urban/industrial model is used to account for a higher levels of dust and other in-
organic compounds that can scatter thermal radiation. The visibility (clear or hazy
conditions) conditions can be changed from hazy (2 km ă visibility ă 10 km) to clear
(23 km ă visibility ă 50 km) in MODTRAN. The extinction coefficient of aerosols
and the concentration varies according to the prescribed visibility distance in MOD-
TRAN124. For instance, low visibility in an urban setting can be characterized by
smog conditions where the sky appears hazy. As demonstrated in Fig. 2.8, aerosols
also have a significant impact on the performance of both ISE and BE surfaces. The
performances of ISE and BE surfaces is more than twice as high between highly hazy
and highly clear conditions. The significant increase between 15 km to 25 km occurs
due to the change in the behavior of the extinction coefficient of aerosols between hazy
and clear conditions as per the models used in MODTRAN.124 Like water vapor, hazy
conditions due to aerosols significantly impact the transmittance of the atmosphere
between the wavelengths of 8 µm to 13 µm. See Appendix B for atmospheric trans-
mission spectra for at different aerosol levels in air. When theoretically predicting
the diurnal or seasonal performance of PRCs, it is somewhat challenging to obtain
aerosol data due at hourly time steps due to lack of historic data, and accurate mea-
surement techniques. Henceforth, clear conditions with the urban/industrial aerosol
model in MODTRAN will be considered when evaluating the diurnal performance of
PRCs. However, the selection of a PRC for a building facade or roof should take into
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consideration the locality of the building i.e. in a rural area the levels of dust and
aerosols are lower as compared to urban/industrial areas.
The amount of CO2 is changed by varying its mixing ratio or concentration in
the atmosphere as required by MODTRAN. The mixing ratio is used to compute the
total amount of CO2 present in the atmospheric column in the units of atm-cm. For
reference, the global average CO2 concentration is roughly 407 ppm.
130 Lastly, the
total amount of O3 in the atmosphere is directly changed using the units of atm-cm.
Variations in both CO2 and O show negligible impact on ∆T of ISE and BE compared
to variations in H2O. Due to the aforementioned reasons, I limit my discussion and
analysis on PRC thermal performance to changes in only the H2O content in the
atmosphere for the rest of this dissertation.
The units, atm-cm shown in Table 2.1 and Fig. 2.8 is used by MODTRAN atm-
cm to describe the total amount of gas species in the vertical column from the ground
to the top of the atmosphere. For instance, 1 atm-cm of H2O can be thought of as
bringing all the water molecules in the vertical column above the Earth’s surface down
to a thin layer at the Earth’s surface at 1 atm.124 For reference, I provide the variation
in the amount of H2O and O3 as a function of atmospheric height (km) in Appendix
B used by MODTRAN. For the rest of this work, I am interested in evaluating
the diurnal and annual thermal behavior of PRCs. Hence, a more convenient and
commonly used measure for the amount of water vapor present in air at a given time
of the day is needed.
The most widely used and reported (at hourly or sub-hourly time steps) measure
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Figure 2.8: (A) ∆T for ISE (red dashed-dotted curve) and BE (red dashed-dotted
curve) as a function of the total amount of H2O present in the atmospheric column
in MODTRAN units, atm-cm. (B) ∆T for ISE and BE as a function of aerosol
concentrations in terms of visibility (km) as per MODTRAN models. (C) ∆T for
ISE and BE as a function of the concentration of CO2 present in the atmospheric
column in units parts per million (ppmv). (D) ∆T for ISE and BE as a function of
the total amount of of O3 present in the atmospheric column in MODTRAN units,
atm-cm.
water vapor content in the air is relative humidity or RH - defined as the ratio of
the mass of water vapor in air to the mass of water vapor needed for saturation at a
particular temperature and pressure.131 RH measurements along with local ambient
air temperature, wet-bulb temperature, and dew point temperature are obtained
from weather stations or can be measured using relatively inexpensive and accurate
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instruments. To use atmospheric transmission spectra from MODTRAN, I relate the
local relative humidity to the units atm-cm to simulate the atmospheric transmission
spectrum at any given time of a day. Appendix B provides the thermodynamic
relations I use to convert RH to MODTRAN units, atm-cm.
2.4.2 Empirical Correlations for Sky Emissivity
Relative humidity, and dew-point temperature, Tdp, are both dependent on the lo-
cal climate, time of day and seasons. To evaluate the cooling performance of an
object over several hours of a day (or season or year), it is often more convenient
to approximate the atmospheric radiation as radiation emitted by the ’sky’ where
the sky is conceptualized as an apparent gray body in the spectral regions above
2.5 µm (infrared wavelengths) with a constant value of emissivity, εsky. It is hence,
important to note that the sub-ambient cooling of an ISE or other spectrally selective
surfaces beyond 2.5 µm cannot be evaluated accurately using a broadband value for
εsky, and that spectral atmospheric transmission data from MODTRAN should be
used to evaluated the performance of these surfaces. I provide an overview of a few
select and widely cited models that estimate the broadband emissivity of the sky.
Based on the radiative heat transfer equations provided in Appendix A, the radi-






where Tsky is the effective temperature of the sky. Numerous empirical correlations
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for εsky have been presented by previous studies performed using a combination of ex-
perimental measurements of Isky and numerical fitting for values εsky using Eq. 2.23.
Based on the review of sky emissivity models performed by Evangelisti,132 empirical
correlations for εsky are typically based on conditions such as relative humidity, water
vapor pressure in air, dew-point temperature and dry-bulb or ambient air tempera-
ture. Evangelisti reports 18 clear-sky models,133–150 and 8 cloudy-sky models151–158
for εsky that have been developed based on experiments performed at various loca-
tions in the world.132 Here, I provide a brief overview of two seminal works on one
clear-sky and one cloudy-sky emissivity models.
In their seminal work, Berdahl and Martin in 1984 proposed a correlation given
by:145











where 0.711, 0.56, and 0.73 are obtained from numerically fitting measured sky radi-
ation data over five years and at six cities spread across Maryland, Arizona, Texas,
Nevada, Missouri and Florida. The model is valid for -13 o C ă Tdp ă 24
o C based
on the measurement locations of this work.
Clark and Allen in 1978 introduce a sky emissivity correlation taking cloud cover
into consideration.151.
εsky “ 0.787` 0.764pTdp{273.15qp1` 0.0224N ´ 0.0035N
2
` 0.00028N3q (2.25)
where the numerical correlations are again obtained from numerically fitting measured
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sky radiation at different times and locations in Texas. N is a correction factor that
describes the opaqueness of a sky i.e. N “ 0 for clear sky and N “ 1 for a cloudy
sky. This correlation shows good agreement with MODTRAN atmospheric models,
and can be used for clear sky conditions during the day time and night time. Their
model still continues to be widely adopted and is used in engineering software such
as EnergyPlus to estimate down-welling atmospheric radiation.
In Fig. 2.9(A), the atmospheric radiation and steady-state temperatures of ISE
and BE surfaces predicted using Berdahl and Clark’s sky emissivity models against
those predicted using MODTRAN atmospheric transmission spectra. The ambient
air temperature, Ta “ 298 K, and clear sky (N=0) is assumed for all the curves in Fig.
2.9(A) and (B), and the dew point temperature, Tdp is changed by varying the relative
humidity, RH. To relate Tdp to the total amount of water vapor in an atmospheric
column, the relations in Appendix B can be used to convert Tdp to units atm-cm for
usage in MODTRAN. Down-welling atmospheric radiation, Iatm is calculated using
Eq. 2.19 in the wavelength range of 2.5 µm to 20 µm based on the assumption that the
sky is a grey body with εsky constant at wavelength ranges beyond 2.5 µm. Further,
the spectral range of atmospheric transmission spectra available from MODTRAN
extend up to 20 µm. As expected, all models predict that the atmospheric radiation
increases with higher dew point temperatures or relative humidity. Due to the gray
body assumption of the atmosphere, the models by Clark and Berdahl over predict
the downward atmospheric radiation at all dew point temperatures. Consequently,
the benefits of the high transparency regions of the atmosphere in the 8 µm to 13 µm
wavelength range are not realized. In reality, the atmospheric transmittance spectrum
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is more sensitive to changes in water vapor as shown in Fig. 2.7, and this behavior is




















Figure 2.9: (A) IatmpTa “ 298Kq as a function of dew point temperature, Tdp using
sky emissivity models of Berdahl (square-dashed curve) and Clark (diamond-dashed
curve), and MODTRAN atmospheric transmission spectra (dotted-dashed curve).
(B) Difference in surface temperatures between ISE and BE surfaces as a function of
Tdp predicted from Berdahl, Clark and MODTRAN models. Incident solar radiation,
Isol and convective heat transfer coefficient, hc are both set to zero. Ta “ 25
o C for
all curves.
Figure 2.9 (B) elaborates this discrepancy. Both Berdahl and Clark’s models
predict the surface temperatures of the ISE to be slightly higher than that of the BE
at all values of Tdp. Under a gray sky model, a BE surface performs better than an
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ISE surface at night time. In reality, Fig. 2.5 shows that this is not true. During the
night, the cooling potential of an ISE surface through the atmospheric transmission
window is only realized when using the spectral emissivity (1 - τatm) of the atmosphere
from programs such as MODTRAN. This is not to say that the sky emissivity models
developed by Clark and Berdahl cannot be used to predict the cooling performance
of PRC structures. In the absence of spectral emissivity data for PRC structures, a
constant emissivity value over thermal wavelengths is generally considered. For such
cases, sky emissivity models can be used since they allow for faster computational
times as well. However, as shown in Fig. 2.9, the performance of spectrally selective
emitters cannot be accurately compared against broadband emitters (with constant
emissivity across all wavelengths) using the gray sky approximation.
2.5 Diurnal Thermal Performance of Idealized
Surfaces
With the model presented in this chapter, and a deeper understanding of atmospheric
radiation, the diurnal surface temperatures of previously described idealized surfaces,
ISE and BE, can now be evaluated. For comparison, I also consider the case of
imperfect reflectors, ISE˚ and BE˚ with different values of α “ 0´ 0.25. The higher
value of α is selected from Fig. 1.4 in Chapter 1 for high performing roof coatings.
The hourly temperature response of these surfaces is shown in Fig. 2.10.
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2.5.1 Procedure
Equation 2.15 is used to solve for the steady-state temperature at a particular hour of
the day. Tampa, Florida is chosen as a test location for the subsequent analysis as it
represents a humid climate in the mid-latitude region. The environmental conditions
for Tampa, Florida are obtained from Typical Meteorological Year (TMY) weather
files from NREL.129 The hourly variation in the following conditions are considered
and obtained from the TMY weather file:
• Ambient air temperature, Ta
• Relative humidity, RH
• Incident short-wave radiation, Isol
• Wind speed, Va at the site
To determine the emissivity of the atmosphere at every hour, RH is related to TPW
as shown in Appendix B to generate atmospheric transmission spectra using MOD-
TRAN for every hour. The convective heat transfer coefficient, hc is calculated using
the Simple Combined Algorithm described in Appendix D for a medium rough sur-
face. Other correlations for hc are also shown in Appendix D. The height-corrected
wind speed for a roof at a certain height, z, is derived from a correlation, which ap-
plies the appropriate corrections to relate the boundary layer and height at the wind
speed measurement site to those of an elevated flat surface (such as a roof). This is
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Figure 2.10: (A) Hourly variation of steady-state ∆T “ Ta´T , of ISE (red curves),
and BE surfaces (blue curves) in late July at Tampa, Florida. Shaded regions corre-
spond to values of solar absorptivity between 0 (ISE or BE) to 0.25 (ISE˚ or BE˚) to
show the affects of solar radiation on ∆T . (B) Hourly variation in RH (%) (cyan),
Isol (orange), Ta (black), and Va (magenta) for the two sample days in Tampa, Florida
shown for reference.
2.5.2 Results
Figure 2.10 demonstrates that an ISE surface demonstrates superior sub-ambient
cooling than a BE surface of 3-4 o C during all hours. This was expected from Fig.
2.5, where the ISE outperforms a BE even at high convective heat transfer loads.
During the first day, the temperature of the ISE surface shows high sensitivity to
wind speeds particularly at hours 9 and 11 where lower wind speeds result in better
cooling performance. During the second day, lower relative humidity yields better
performances of both ISE and BE surfaces as expected.
In Fig. 2.10, the shaded curves show the performance of ISE˚ and BE˚ at differ-
ent values α. During the first day, at solar radiations approximately Isol ą 200 W
m´2, both surfaces start experiencing temperature gains due to absorption of solar
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radiation. The overall temperature gains for both surfaces are much higher in the
second day due to higher levels of incident solar radiation. Despite of reaching higher
temperatures during the day, the ISE˚ reaches a point of temperature gain (above
ambient) for slightly higher values of solar radiation. This is shown by the hours after
sunrise and hours before sunset on each day. However, as expected from Section 2.3,
ISE˚ shows poorer performance compared to a BE˚ during peak solar hours. Even
though the ISE˚ demonstrates higher temperatures than the BE˚ for the two days in
Tampa, Florida, it still offers significant benefits during the night time hours.
2.6 Summary
In this chapter, a heat transfer model to evaluate the temperature response of a
surface exposed to the sky is provided. I discuss the theoretical performances of
two perfectly optically-tailored surfaces to minimize solar radiation and maximize
thermal radiation through the atmospheric transmission window. By considering
different levels of solar radiation, I demonstrate that optically tailoring a surface to
achieve near perfect emission in the atmospheric transmission window does not prove
to be useful when solar radiation levels are high. Ultimately, the solar absorptivity of a
surface must be kept low to achieve sub-ambient cooling during the day. Additionally,
higher levels of humidity in the atmosphere and wind speeds (that affect hc) can in
fact bring the performance of highly spectral surfaces down to that offered by a non-
spectrally selective emitter. This is only the case if the latter has high values of
thermal emissivity in the infrared wavelengths. Additional optical tuning of a surface
56
must hence, be performed based on the climate and applicability of a PRC.
I also provide broad insights into the climates that are better suited for PRC
applications on buildings. In warm climates where the interior space of a building
is air conditioned throughout the day and night, both broadband and spectrally
selective PRC surfaces as shown in Fig. 2.10 prove to be useful strategies to reduce
the net heat flux into a building throughout the year. In general, the relative humidity
and solar radiation levels throughout the year must be considered when selecting a
PRC strategy on a building facade. Lastly, I provide additional insight into the
nuances of estimating down-welling atmospheric radiation by discussing the usage of
sky emissivity models, and atmospheric transmission models from MODTRAN.
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Chapter 3
Optical Properties of Materials and Infrared Dielectric
Function of Polydimethylsiloxane
3.1 Introduction
Polydimethylsiloxane (PDMS) is a silicone elastomer, which has a variety of appli-
cations in microelectromechanical systems,159 microfluidic devices,160–162 and surfac-
tant163 and antifoamer technologies.164 It is well-known that PDMS is highly trans-
missive between 0.4 µm and 1.8 µm, making it attractive for optical waveguide com-
munication and optofluidic applications.165–167 The refractive index of PDMS has
been previously reported only in the wavelength range of 0.4 µm to 1.8 µm.168 The
transmission and absorption of PDMS in the wavelength range between 3 µm and 13
µm have been characterized to study the polymerization of PDMS and detect protein
structures.166,169 However, the refractive index in this wavelength range has not been
previously reported.
In this chapter, I determine the complex refractive index of PDMS between 2.5
µm and 16.7 µm and demonstrate its potential for usage in PRCs. I evaluate the
parameters (resonant frequency, strength, and damping) of a Lorentz oscillator model
by fitting Fourier transform infrared (FTIR) reflectance measurements made on bulk
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PDMS and thin films of PDMS deposited on gold coated silicon substrates. Hence-
forth, PDMS thin films atop gold coated substrates will be referred to simply as
PDMS thin films. Interestingly, researchers in my research group stumbled upon the
selective emission behavior of PDMS, while investigating its complex refractive index
in the infrared region beyond 1.8 µm. Upon noticing high values of extinction coeffi-
cient beyond the wavelength of 8 µm, I decided to investigate the selective emission
behavior of thin films of PDMS. Previous work from our group has shown that thin
films atop reflective substrates selectively emit in regions of higher extinction coef-
ficients.37 FTIR reflectance measurements on thin films of PDMS atop gold indeed
confirm selective emission between the 8 µm and 13 µm wavelength range, which for-
tuitously coincides with the atmospheric transmittance window described in Chapter
2.
As described in Chapter 1, many previous works have reported the use of selective
emission in the atmospheric transmission window to maximize radiative cooling. In
this chapter, I demonstrate that PDMS thin films atop reflective substrates are also
a viable material for usage in PRC applications.
3.2 Outline of Chapter
This chapter is organized as follows: first, I provide a brief introduction to the optical
properties of materials for linear isotropic media using Maxwell’s equations; second,
I describe my procedure used to extract the optical properties of PDMS from FTIR
reflectance measurements and report the complex refractive index of PDMS in the
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wavelength range of 2.5 µm to 16.7 µm; third, I discuss optically tailoring PDMS thin
films atop reflective metal substrates to achieve improved emission behavior in the
atmospheric transmission window; and fourth, I show the sub-ambient temperature
reduction of PDMS thin films atop aluminum samples from from theoretical models
as well as outdoor experiments.
3.3 Optical Properties of Materials
3.3.1 Overview
In this chapter, I consider the optical properties of linear isotropic media. Three
important unitless quantities govern the behavior of electromagnetic waves in linear
isotropic media: dielectric function or relative permittivity, ε, relative permeability,
µ, and the refractive index, nc. All three quantities are frequency or wavelength
dependent and complex valued, and related to each other by:
nc “
?
εµ “ n` iκ (3.1)
where n and κ are the real and imaginary parts of the complex refractive index,
respectively. The complex refractive index, nc, describes the propagation of electro-
magnetic waves in a medium. Its real and imaginary parts describe the speed and
dissipation of electromagnetic waves in a medium, respectively. Since my work fo-
cuses in the infrared wavelengths of the electromagnetic spectrum, I assume µ « 1.
Most materials show negligible magnetic response in the infrared wavelengths. To
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better understand the origins of the terms, nc, ε, and µ, I now briefly cover the
crucial concepts of electromagnetism theory explained by Maxwell’s equations.
3.3.2 Maxwell’s Equations and Constitutive Relations for
Linear Isotropic Media
Maxwell’s equations govern the origins and evolution of electric and magnetic fields in
the spatial and temporal dimensions.170 The magnetic and electric fields are created
by the presence of charges (inside and outside the field) and currents due to moving
charges. Here I start with the traditional form of the Maxwell’s equations at spatial
position, r, and at time, t, which are given by:171
∇ ¨ pDpr, tq “ pρepr, tq (3.2a)
∇ ¨ pBpr, tq “ 0 (3.2b)




∇ˆ xHpr, tq “ B
pDpr, tq
Bt
` pJ epr, tq (3.2d)
where ∇ ¨ p¨q and ∇ˆp¨q denote the divergence and curl operators; pE, and xH are the
electric and magnetic field intensities, respectively; pD, and pB are the displacement
and magnetic field flux densities, respectively; pρe is the electric current density; and
pJ e is the electric free current density. The hat over various symbols indicates the
quantity is expressed in the time domain. All the field, and flux density terms in the
Maxwell’s equations are complex-valued quantities. By taking the real component
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of these quantities, the Maxwell’s equations can be converted from time-domain into
the frequency-domain:170
∇ˆEprq “ iωBprq (3.3a)
∇ˆHprq “ ´iωDprq ` J eprq (3.3b)




for any complex-valued field, the
displacement and magnetic flux densities are given, by definition, as170
Dprq “ ε0
`
E ` ε´10 P
˘
(3.4a)
Bprq “ µ0 pH `M q (3.4b)
where P and M are the polarization and magnetization fields and ε0 and µ0 are the
permittivity and permeability of free space or vacuum. The free space permittivity
and permeability are constants related by the speed of light in vacuum, c, by c “
1{
?
ε0µ0. Equations 3.4a and 3.4b offer a general definition of the flux densities, but
can be related to the field intensities, E and H by using constitutive relations that
depend on the medium or material in which these fields exist. Since I work only with
linear isotropic media in this work, I use the constitutive relations given by:
ε´10 P “ χeE (3.5a)
M “ χmH (3.5b)
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where χe and χm are defined as the electric and magnetic susceptibilities. χe and χm
are measures of the electric and magnetic polarization properties of the material or
medium, and are defined as:
χe “ ε´ 1 (3.6a)
χm “ µ´ 1 (3.6b)
in linear isotropic media where ε and µ are the relative permittivity (or dielectric
function as previously defined) and permeability, respectively. Commonly, the terms
ε and µ are referred to as relative quantities for a medium,171 and are the prod-
uct of the free space quantities and relative quantities. In this work, I will assume
that ε and µ are properties of the medium in interest. Lastly, using the derivation
presented by Czapla in his dissertation,170 I can arrive at the inhomogeneous vector
Helmholtz equation to describe the behavior of light in linear isotropic media in its
most generalized form:
∇ˆ∇ˆHprq ´ k2Hprq “ iωεε0Jmprq `∇ˆ J eprq (3.7a)
∇ˆ∇ˆEprq ´ k2Eprq “ iωµµ0J eprq ´∇ˆ Jmprq (3.7b)
where k “ pω{cq
?
εµ or k “ nc is the wavevector. Thus far, I have provided a
derivation in this section to relate the complex refractive index, nc to ε and µ by using
the constitutive relations for a linear isotropic media on the Maxwell’s equations. A
general Lorentz oscillator model to determine the optical properties of PDMS can
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now be derived using the framework provided in this section.
3.3.3 Dielectric Function Models
The dielectric function of a medium can be derived using the analogy of a spring-
mass-damper system from mechanics. The mass is replaced with an electron or
particle with charge, q that is bound by a fixed nucleus that creates an electric field
and displacement field for the electron. Similar to a mass in a mass-spring-damper
system, the ordinary differential equation that describes the force on the electron of
mass, m is given by:170







where cd is the damping coefficient, and ks is the spring constant. As done previously
with the Maxwell’s equations, I will move into the frequency-domain for convenience.
F “
`
´ω2m´ iωcd ` ks
˘
x (3.9)
Similar to what is done in a mass-spring-damper system, I can introduce a resonant
undamped frequency as ω0 “
a
ks{m and the damping term as ζ “ cd{p2
a
ksmq. By
substituting these terms in Eq. 3.9 :
F “ m
`





The terms, E and x still need to be defined. From electromagnetism, the Lorentz
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force on a charged particle in the presence of an electric field is given by:
F “ qE (3.11)
Note the magnetic field is not considered here from the assumption that materials
in the infrared portions of the electromagnetic spectrum show a negligible response
to magnetic fields. Further, the polarization field of a charged particle needs to be
taken into account. This is defined by the polarization field, P “ Nqx where N is the
average number of electrons in the particle per unit volume. By substituting these



















where Γ “ 2ζ and S “ Nq2{pw20mε0q. This derived form of ε represents the dielectric
function for a single electron/charged particle in the presence of an electric field bound
by a nucleus. Naturally, a common dielectric material will be composed of multiple
such bonds. Each of these bonds can be thought of as an oscillator with a unique ω0
and corresponding values of Γ and S. To account for multiple such oscillators, the
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dielectric function needs to be summed over all the oscillators:






















where N is the total number of known oscillators for a dielectric material. The term,
ε8 is introduced because the oscillators in only a portion of the electromagnetic
spectrum are usually available. In essence, ε8 is an offset that captures the effects
of oscillators in the frequency ranges much higher than the frequency ranges being
considered. Often, spectral information of dielectric materials is limited due to in-
strumentation. As I will show later in this chapter, ε8, the number of oscillators (N),
and oscillator parameters (ω0, S, Γ) themselves can be obtained from numerically fit-
ting data from spectroscopy. The theoretical framework outlined in this section has
been inspired by the dissertation of Czapla, and I refer the reader to Ref. 170 for
more details. With this theoretical framework, I can now demonstrate my procedure
to determine the optical properties of PDMS.
3.4 Determining Optical Properties of PDMS
3.4.1 Sample preparation for FTIR measurements
PDMS polymer was prepared from a Sylgard R© 184 elastomer kit with a base to curing
agent mass ratio of 10:1. The solution was then de-gassed under low vacuum for an
hour and poured into aluminum dishes as shown in Fig. 3.1(a). The samples were
subsequently cured in a furnace at 75 o C for at least 1.5 hours and were approximately
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8 mm thick. FTIR transmittance measurements made on 8 mm samples show an
average transmittance of 0.2 %, confirming that they may be treated as bulk.
To create PDMS thin films, 50 nm of gold was deposited on silicon wafers using
an Edwards 306 R© Thermal Evaporator. This configuration is shown in Fig. 3.1(b).
The transmissivity of 50 nm gold films with air/vacuum on either side is less than
2.5 % for electromagnetic waves of wavelengths between 2.5 µm to 16.7 µm. Even
for gold films deposited on silicon substrates, the fraction of light that penetrates
into the silicon substrate is less than 4 %. This is due to high value of extinction
coefficient, κ in the infrared wavelengths for gold. Because of this, the gold layer is
assumed to be semi-infinite for the purposes of optical simulations.
PDMS was spin coated on top of the gold layer using a Laurel WS-650Sz-6NPP-
Lite R© spinner. The thin film PDMS samples were then cured at 75o C for 1 hour.
The spin rates and durations were adjusted to achieve films of different thicknesses.
A Filmetrics F20 R© instrument, which uses a spectral reflectance technique at normal
incidence in the wavelength range of 0.2 µm to 1.1 µm was used to measure the
thickness of PDMS thin films. The Sellmeier dispersion model for the refractive
index of PDMS in this wavelength range168 was used to calculate the thickness based
on goodness-of-fit between calculated and measured reflectance spectra. Table 3.1
shows the mean and standard deviation of thickness measurements. The values are
based on at least three measurements taken at different locations on each sample.
The variation in thickness values between locations is due to non-uniformity of the
PDMS surface caused by factors such as eccentricity of the initial PDMS droplet on
the wafer, rate of shrinkage of PDMS after spin-coating, and dynamics of the spin
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Table 3.1: Measurements of film thickness for PDMS thin film samples
Thin Film (TF) Mean (µm) Standard Deviation (µm)
TF1 11.7 2.51ˆ 10´1
TF2 7.43 1.25ˆ 10´1
coating motor, to name a few.172
Figure 3.1: (A) Geometry of bulk PDMS samples prepared in aluminum dishes. (B)
PDMS thin film on top of gold coated silicon substrate. (c) Normal incidence FTIR
spectroscopy reflectance measurements
3.4.2 Extraction of Refractive Index
Reflectance spectra were measured using a Bruker Hyperion FT-IR microscope with
a 15x, 0.4 numerical aperture (Professor Nanfang Yu’s Lab at Columbia University)
objective at normal incidence to the PDMS samples. The measurements were taken
in reflection mode (reflected intensity from the sample is normalized by the reflected
intensity from clean gold) at 64 scans per recording. 50 reflectance spectra were
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measured in the 2.5 µm to 16.7 µm wavelength range on 3 different locations for both
bulk PDMS and PDMS thin film samples shown in Fig. 3.1.
Following the procedure outlined by Verleur,173 the optical properties of PDMS
were determined by fitting the FTIR reflectance measurements to simulated re-
flectance curves. To simulate the reflectance curves, I used the Lorentz oscillator
model in Eq. 3.14 for the dielectric function of PDMS with an initial number of
test oscillators and corresponding parameters (ω0, S, Γ, and ε8). The reflectance,




























where the polarization-dependent (α “ s or p) reflection coefficient of planar electro-















































for multilayer thin film samples
(3.16)
where di is the layer thickness. r
pαq
i,j is the Fresnel reflection coefficient at the interface


































εipωqµipωq sin θ ` εipωqµipωq cos θ where µ and ε are
the relative permeability and permittivity, respectively. In my case, I assume µ “ 1
as mentioned previously. Since the FTIR reflectance measurements are performed
at normal incidence to the sample, θ “ 0, and R̃
ppq
i,j pωq “ ´R̃
psq
i,j pωq. The indices for
bulk PDMS samples are 1 for air, and 2 for PDMS. The indices for thin film PDMS
samples are 1 for air, 2 for PDMS, and 3 for gold. The complex refractive index for
gold was obtained from Christy.176
A constrained nonlinear optimization function called fmincon in MATLAB R© was
used to fit the FTIR reflectance measurements and produce a final set of oscillator











where Nmeas is total the number of measured FTIR reflectance spectra (including bulk
and thin film measurements); Nω is the number of frequency points in a measured
reflectance spectrum; Rmeas,jpωiq and Rcalc,jpωiq are the reflectance at ωi in the j
th
measurement and jth calculation, respectively; and wj is a weight function.
Initially, the parameters of the Lorentz oscillator model were extracted by fitting
the reflectance measurements of the bulk sample alone. On noticing that the ex-
tracted parameters could not accurately reproduce some features of the reflectance
spectra from thin films, both bulk and thin film reflectance spectra were included
in the measure of error. This is because some oscillators with low strengths often
correspond to features in the bulk reflectance spectrum which are minute relative to
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Table 3.2: Oscillator parameters used to calculate dielectric function. Unlisted is ε8
= 2.276.
k ~ωk (eV) λk,0 (µm) sk Γk k ~ωk (eV) λk,0 (µm) sk Γk
1 0.0737 16.82 0.0021 0.0211 9 0.1279 9.694 0.0288 0.0152
2 0.0821 15.10 0.0029 0.0146 10 0.1343 9.232 0.1181 0.0376
3 0.0846 14.66 0.0090 0.0307 11 0.1561 7.943 0.0087 0.0061
4 0.0870 14.25 0.0142 0.0453 12 0.1749 7.089 0.0005 0.0102
5 0.0938 13.22 0.0021 0.0097 13 0.1798 6.899 0.0005 0.0252
6 0.0994 12.47 0.0913 0.0238 14 0.3631 3.414 0.0006 0.0525
7 0.1046 11.85 0.0175 0.0184 15 0.3672 3.376 0.0006 0.0050
8 0.1077 11.51 0.0121 0.0137
higher strength oscillators. Those same oscillators, however, have a stronger signa-
ture in the thin film reflectance spectrum. That led to the inclusion of both bulk and
thin film reflectance spectra in the measure of error. This is in contrast to the error
used by Verleur, who only included a single bulk reflectance spectrum.173 In order to
account for the difference in magnitude between the bulk and thin film reflectances,
the weight function, wj, was introduced. For bulk reflectance spectra, wj “ 25 and
for thin films reflectance spectra, wj “ 1. The choice of wj for bulk and thin film
samples was made based on the maximum reflectance in each case.
I empirically determined that using a set of 15 oscillators produced the best fit. To
account for the sensitivity of final parameters to the initial trial parameters, I created
5000 sets of trial parameters by randomly varying their values by 1% for resonant
frequency and 5% for all remaining parameters. The set of oscillator parameters that
yielded the lowest total error (Eq. 3.18) are provided in Table 3.2.39 As discussed by
Verleur,173 one or more oscillators outside the frequency range of the measurement
spectrum may be needed to produce an accurate fit. The optimization routine placed
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a single oscillator located at 0.0737 eV (16.8 µm) with appropriate strength and
damping values to minimize the error. This however, does not imply that this fit can



































Figure 3.2: Emission spectra of bulk and thin film PDMS samples at normal in-
cidence obtained from FTIR reflectance measurements (circular markers); all 5000
sets of extracted oscillator parameters (gray shaded band); and the set of oscilla-
tor parameters with the lowest total error over all measurements (solid line). For
clarity, only a representative number of measurement data points (circular markers)
are shown. Earth’s atmospheric transmittance data has been plotted and labeled for
reference.177
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Although my fitting procedure uses reflectance measurements, I have plotted spec-
tral emissivity at normal incidence, defined as εpωq “ 1´Rpωq (where R can be Rmeas
or Rcalc), in Fig. 3.2 to emphasize the overlap between the atmospheric transmittance
window (labeled in Fig. 3.2) and the spectral emissivity of the PDMS thin film sam-
ples. The gray shaded bands in Fig. 3.2 are composed of emission spectra from the
5000 sets of final parameters. The emission spectra from the set of oscillator param-
eters that yielded the lowest total error over all bulk and thin film measurements is
also shown as the solid line in Fig. 3.2. The real and imaginary parts of the complex
refractive index were obtained using Eq. 3.1 and are shown in Fig. 3.3. The higher
values of extinction coefficient beyond 8 µm correspond to high absorption bands.166
Previous work of Mayo et al.37 has demonstrated that these bands contribute to the
selective emission signatures demonstrated in Fig. 3.2.
Figure 3.3: Real (n, solid line, left y-axis) and imaginary (κ, dashed line, right
y-axis) parts of the complex refractive index of PDMS, respectively.
Both the measured and calculated spectra demonstrate high emission regions be-
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tween 8 µm and 13 µm where Earth’s atmosphere is highly transparent, as seen from
the atmospheric transmittance in Fig. 3.2. The high transmission region can enable
thermal radiative transfer from a selective emitter’s surface to a thermal reservoir at
temperatures between 3 ´ 4 K as explained in Chapters 1 and 2. Since this work
shows that PDMS thin films atop reflective substrates selectively emit in the atmo-
spheric transmission window, I wanted to perform further optical tailoring of PDMS
thin films atop reflective substrates to improve its performance for PRC applications.
3.5 Optimizing PDMS Thermal Performance
Based on my work in Section 2.3 of Chapter 2 on the thermal performance of ideal
selective emitters, I wanted to perform further optical tailoring of PDMS selective
emitters and model their theoretical thermal performance limit. Inspired by the
work of Gentle et al.59 who used inorganic nanoparticles of silicon dioxide (SiO2) and
silicon carbide (SiC) in a polyethylene film, I also wanted to investigate the effects
of including such particles in a PDMS thin film atop a reflective metal substrate.
Since Silicon carbide (SiC) has strong absorption between 10 µm and 13 µm with a
resonance at approximately 12.65 µm, I investigated the effect of doping the PDMS
thin film with SiC nanoparticles on the selective emission behavior. The structure
of the PDMS selective emitter is similar to the one in Fig. 3.1(A), with the gold
medium replaced by aluminum. For the purposes of optical simulation, the aluminum
is modeled as semi-infinite as done in Section 3.4. I do not consider SiO2 in this
work as SiC had a more complimentary affect with PDMS on the emissivity in the
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atmospheric transmission window.
The Maxwell Garnett effective medium theory59 is used for the dielectric function
of a PDMS layer doped (henceforth, referred to as doped PDMS) is given by:







where m = PDMS, p = SiC, and f is the volume fraction of SiC dispersed in the
PDMS matrix. The dielectric function in Eq. 3.14 can be used for SiC with a single
oscillator. The values for s1, ω1, Γ1 and ε8 are 3.28, 0.098 eV, 0.0060, and 6.7,
respectively.178 Equation 3.19 assumes no scattering of electromagnetic radiation for
particle sizes that are much larger than the wavelength in the infrared spectrum. The
particle size of SiC nanoparticles is assumed to be on the order of 50 - 100 nm, and










Figure 3.4: (A) Error map between the hemispherical emissivity of a PDMS selective
emitter structure with varying PDMS film thickness, d2 and SiC volume fraction, f .
The least error occurs for d2 “ 4.4 µm, and f = 6.7%. (B) Hemispherical emissivity
of PDMS selective emitters corresponding to the color map in (A).
The volume fraction f and PDMS thin film thickness, d2, were optimized by
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rεspλi; f, d2q ´ εISEpλiqs
2 (3.20)
where the subscript ISE represents an ideal selective emitter as described in Chapter
2. εs is the emissivity of the PDMS selective emitter. The effects of PDMS film
thickness, d2 and SiC volume fraction, f are shown in Fig. 3.4(A). Higher values
of PDMS film thicknesses result in deviation from ISE behavior as shown in Fig.
3.4(B). In particular, the error is higher for wavelength ranges past 13 µm. Due to
SiC’s single resonance at approximately 12.65 µm, tuning its volume fraction have
little to no impact on the selective emission behavior of the structure. This is evident
in Fig. 3.4(A) where increasing the volume fraction of SiC nanoparticles at a fixed
PDMS film thickness does not change the error. For PDMS thin film emitters without
SiC nanoparticles (undoped), the optimal thickness of PDMS selective emitters is
identified as 5 µm. For PDMS thin film emitter with SiC nanoparticles (doped), the
optimal values of f and PDMS film thickness, d2 are 6.7% and 4.4 µm, respectively.
The emissivity simulated with optimal f and d2 for both doped and undoped
PDMS selective emitters are shown in Fig. 3.5(A). Although the emissivity profiles
for doped and undoped PDMS cases are different, both scenarios demonstrate similar
cooling performance as seen in Fig. 3.5(B).
As expected, an ISE performs as the best case with the highest decrease in surface
temperatures for increasing values of hc. On the other hand, an infrared blackbody
(ε “ 1) also experiences cooling but performs as the worst case. PDMS selective
76
(A) (B)




























Figure 3.5: (A) Spectral hemispherical emissivity of undoped and doped PDMS
selective emitters. The solid curve and dash-dotted curve represents the doped PDMS
and undoped cases, respectively. Earth’s atmospheric transmittance data has been
shown as the shaded region. The dashed line represents the emissivity of an ideal
selective emitter. The atmospheric transmission window for mid-latitude summer is
shown as the orange shaded region. (B) Pemit - Patm as a function of Ta - T. For
different values of hc, the maximum possible reductions in temperature achieved by
PDMS selective emitters, ISE and Infrared Blackbody are shown. Psolar “ 0
emitters perform better than an infrared blackbody until hc « 5 Wm
´2K´1 where the
selective emission properties of PDMS thin films start losing their effects to enhance
radiative cooling. Similar to the analysis described in Section 2.3, the increasing
values of hc and the atmospheric water vapor levels pose practical limits on the
thermal performance. The sub-ambient temperature reductions shown by PDMS
selective emitters are for a case where there is no incident solar radiation on the
surface. This is because of the lack of spectral emissivity data available for PDMS
in wavelengths under 2.5 µm. With further experimentation, the viability of PDMS
thin films can be more accurately determined.
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3.5.1 Experimental Results
Since the addition of SiC nanoparticles does not affect the performance of PDMS
selective emitters, I fabricated 25 mm by 25 mm samples of varying thickness of
PDMS (5 µm, 25 µm and 100 µm) spin coated on aluminum foil. I performed
outdoor temperature measurements in Trichy, India using a setup shown in Fig.
3.6(b). A temperature data logger was implemented using an Arduino-based data
acquisition system with type-K thermocouples. For reference, the temperatures of a
bare aluminum foil sample, local air, and the roof were also recorded. To thermally
insulate the samples from the roof, the samples were glued on to a 3 inch foam
insulation block, which was mounted on a wooden frame.
Figure 3.6(A) demonstrates that all 4 samples, including the bare aluminum foil
exhibit an average of 1 to 2o C of cooling during the nighttime. As expected, even
though the aluminum foil does not show selective emission behavior in the infrared, it
behaves as a grey body and passively cools itself below local air temperature during
the night time. The surface of the roof itself was composed of white tiles to promote
high solar reflectivity in Trichy, India. I attribute its higher temperatures during the
night and day to its relatively high thermal mass and thermal storage capacity as
compared to the samples.
To my surprise, the initial tests show that the 25 µm PDMS selective emitter
outperforms the 5 µm sample during the nighttime and the 100 µm PDMS selective
emitter outperforms the others during the daytime. Even though the samples do not






Type K thermocoupleTrichy, India (10.8
𝑜𝑁, 78.8𝑜𝐸)
Date: 2019-01-20 to 2019-01-22
Conditions: Haze
Meteorological Average Ta ~ 24
𝑜 C 
Figure 3.6: (A) Measured hourly temperatures of 3 PDMS selective emitters with
film thicknesses 5 µm (magenta), 25 µm (blue), and 100 µm (green). Temperatures
of a reference bare aluminum (red) and the roof (brown) and local air (black) are
also shown. (B) Schematic of the temperature measurement setup used for outdoor
testing (C) Image of dew formation shown on the 100 µm PDMS sample (right) and
bare aluminum sample (left) during the early morning hours at the start of the second
day.
validate the differences in performance caused by the PDMS film thickness. I also
note that the conditions of the sky were hazy based on meteorological data during
the test period. A hazy sky prevents a portion of the solar radiation from reaching
the sample’s surface, which may also explain why the samples’ temperatures closely
follow the local air temperature. In the initial outdoor experiment, I did not estimate
the net cooling power of my samples and do not know the convective heat gain
experienced by the samples.
I also observed the collection of dew on the surfaces of PDMS selective emitters.
Figure 3.6(C) is a photograph taken at approximately 7am on 2019-01-22 when the
dew formation on 100 µm PDMS selective emitter sample was observed. The rest of
the PDMS samples (photograph not shown) had complete dew coverage whereas the
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aluminum foil sample collected a only a few drops. This demonstrates that the all
the samples reached temperatures below the local dew point during the hours leading
up to the photograph in Fig. 3.6(C).
Although the outdoor measurements showed that PDMS selective emitters can
behave as PRCs, further testing is required to compare the thermal performance of
PDMS selective emitters against commercially available roof coatings. I also note
that a thorough experimental investigation should include measurements of wind
speed, solar radiation, and atmospheric radiation to better understand the ambient
conditions. The measurements are within the error range of commercially available
type-K thermocouples (˘2.2o C). These thermocouples should also be calibrated to
improve the accuracy of the measurements. Lastly, outdoor experiments for PRCs
should be performed under different climates to capture the climatic variation in air
temperature, and humidity levels as explained in Chapter 2.
3.6 Summary
In summary, I report the optical properties of PDMS in the wavelength range of 2.5
µm to 16.7 µm using FTIR reflectance measurements performed on bulk and thin
film samples. I outline a procedure to extract the optical properties of materials using
a Lorentz dielectric function model and FTIR spectroscopy. To that end, I have pro-
vided an overview of the fundamentals of electromagnetism starting from Maxwell’s
equations for linear isotropic media, and a framework for fitting FTIR reflectance
data. Finally, by obtaining the complex refractive index of PDMS, I optically tai-
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lored PDMS selective emitters and demonstrate the theoretical cooling performance
that they can achieve during the night time. Lastly, I report that PDMS thin films
atop metal substrates demonstrate theoretical and experimental sub-ambient cooling,
which shows their viability for usage in PRC applications.
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Chapter 4
Modeling The Energy Budget Of Vertical Green Facades
4.1 Overview
Since prehistoric times, vegetated or green building envelopes have shown to enhance
thermal comfort inside the building, and improve the quality of life of citizens in the
urban environment. To the building itself, vegetation on the envelope can lower inter-
nal air temperatures and reduce energy usage by: obstructing incident solar radiation
from reaching the building surface; evaporative cooling through means of latent and
sensible heat loss; reducing convective heat transfer loads on the surface from ambient
air; and increasing the thermal mass or resistance of the surface depending on the
type of greenery system. To the citizens in the local environment, vegetation can:
reduce local air temperatures and mitigate the urban heat island (UHI) effect; add
aesthetic value to the building; and directly improve local air quality. Vegetated sys-
tems and their impact on the building and local environment depend highly, however
on their configuration and the surface on which they are implemented.
When discussing vegetation on buildings, one naturally thinks of green roofs first.
As I briefly discussed in Chapter 1, green roof systems have been widely adopted
around the world, and several researchers have demonstrated their benefits in thermal
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management of buildings as well as mitigating UHI, greenhouse gas emissions, and
stormwater management. In this chapter, vertical greenery systems (VGS) in the form
of a green facades show great potential for adoption and energy savings for a building.
Firstly, roofs are typically use-able spaces for the inhabitants of a building and are also
used to house mechanical equipment in commercial buildings. In contrast, vertical
opaque surfaces make up the maximum share (in terms of surface area) of a building
envelope and are essential ’free‘ for green facade implementation. In addition to
adding aesthetic value to a building, green facades have also shown to reduce the
thermal loads on a building envelope and perform as PRCs under various climates.
VGS can be broadly categorized based on the construction methodology: a VGS
with a growing medium or soil layer adjacent to a vertical wall is referred to as a
living wall whereas a VGS such a layer is referred to simply as a green wall or facade.
Even though living walls show superior thermal performance as opposed to green
facades, they are more difficult to implement on existing buildings due to irrigation,
and structural requirements.86 Due to the variability in soil layer irrigation rates and
plant species, it is also more difficult to model their thermodynamic behavior. This
is not to say that existing models do not exist for such systems. Models developed
by Sailor68 have been implemented for living walls and green roofs in engineering
software such as TRNSYS, EnergyPlus, and Design Builder. Other researchers like
Malys et al.81 and Dahanayake88 have also reported models to evaluate the energy
budget of living walls. However, to my knowledge, thermodynamic models for green
facades have not been implemented in existing engineering software. To date, only
three researchers have reported thermodynamic models for green facades.
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4.1.1 Existing Models for Green Facades
In Table 1.2 of Chapter 1, I summarize the research studies performed on green
facades under different seasons and locations. In general, the trends shown in Table
1.2 show that the green facades perform better in the summer and during the day, but
show poorer performance (and often heat gain for a wall) during winter and night.
To date, only three previous works have demonstrated thermodynamic models for
the leaf layer of green facades.108,110,113 The previously reported models mainly vary
by: (i) the configuration of the green facade; (ii) experimental validation of model
predictions; and (iii) model for the latent heat loss of water vapor and sensible heat
loss from the leaf layer to the surroundings - a process more commonly known as
evapotranspiration.179
Firstly, the green facade used by Flores et al.110 and Suklje et al.108 are composed
of leaf layers that are separated from the wall by 0.3 m and 0.150 m, respectively. The
model proposed by Susorova et al.113 on the other hand, is for a direct configuration
where the leaf layer is adjacent to the wall with no separation. Susorova models the
leaf layer as a single leaf, instead of considering the affects of sensible and latent heat
transfer for an entire leaf canopy. The assumptions for the convective heat transfer
coefficient for indirect and direct green facades in these works is also different. While
Susorova uses the Simple Combined algorithm (see Appendix D) for the wall, Suklje
and Flores consider buoyancy driven convective heat transfer coefficient for the wall.
In reality, the heat transfer coefficient for both indirect and direct configurations must
take into account the obstruction or reduction of ambient wind speeds on the surface
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of the wall. The heat transfer coefficient for the wall must hence account for the leaf
area index of the leaf layer (LAI) - known as the one-sided projected area of leaves per
unit area of vertical wall surface in broad leaf facades. These models are all hence,
limited to their unique configuration of green facade. Additionally, both Susorova et
al. and Suklje at al. validate their model temperature predictions with experimental
data, but cross-validation of models between configurations is much needed in the
field.
Secondly, the equations used for evapotranspiration in all the models differ in how
the minimum stomatal conductance, gs of a leaf species, and LAI affect the latent and
sensible heat loss from a leaf layer. Another important term often missing in these
models is the width of the leaf. Both Flores and Suklje use an adaptation of the well-
accepted Pennman-Monteith equation for evapotranspiraton developed by the Food
and Agricultural Organization (FAO) for flat crops with a soil layer.118 This model is
somewhat complex as several assumptions of plant parameters originally developed
for flat plant canopies are necessary to accurately predict the temperature of the
leaf layer for a given configuration. A more general model that minimizes the set of
parameters and is more widely applicable under different configurations is missing in
literature, to my knowledge.
4.2 Outline of Chapter
In this chapter, I propose a model to evaluate the energy budget of green facades that
is applicable to different facade configurations. First, I introduce the schematic of a
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green facade, and the necessary heat transfer terms that affect the wall temperature.
Next, I predict the temperature of the experimental green facades used by Susorova
et al. and Suklje et al. using the thermal properties of their bare wall (without leaf
layer) and environmental conditions to validate my model. Then, I demonstrate the
heat flux reduction offered by a green facade on the south-facing wall of a building
in Tampa, Florida during the summer. Within the context of passive cooling in this
dissertation, I discuss the climates that are well-suited for green facade applications.
Finally, to offer better intuition to the reader about the effects of critical leaf param-
eters on the leaf temperature, I provide a detailed discussion of the energy budget of
a single leaf in Appendix F.
4.3 Energy Budget of A Green Wall
The wall or surface considered in this chapter is composed of a layer of leaves placed
adjacent to a facade of a building as shown in Fig. 4.1. Henceforth, the geometry
shown in Fig. 4.1 will be referred to as a green facade. For the purpose of generality,
the schematic in Fig. 4.1 shows an indirect green facade with leaf layer separated by
distance, zal away from the wall, and composed of an arbitrary number of leaves. I
also show all the heat transfer terms that affect the leaf layer temperature, Tlc and
wall temperature, Tlw. For a direct face, zal can be set to zero.
The thermal model decouples the green wall system shown in Fig. 4.1 into three
nodes - the leaf layer or canopy (subscript, lc), the air layer in the gap (subscript, al),






















Figure 4.1: Schematic of a vertical building wall with a layer of leaves adjacent to
its exterior surface. The schematic indicates the thermal nodes and sign convection
of heat transfer assumed in the model. The configuration shown is for an indirect
green facade where zal ą 0m. For a direct green facade, zal “ 0.
the wall will be an additional thermal node. However, I fix the internal temperature
of the wall, Tin “ 23
o C as done in Chapter 2.




“ σlcPrad,lw ` p1´ σlcqPrad,lc-lw










“ p1´ σlcqPrad,lc ` p1´ σlcqPrad,lw-lc ` Psens,al-lc
` Psens,lc ` Plat,lc ` Pcond,lc :for the wall
(4.3)
where ρx is the density and cp,x is the specific heat capacity of the medium. The
left-hand side of Equations 4.1 and 4.3 represent thermal storage in the wall, air layer
and leaf layer. The term, σlc is defined as the effective geometric gap area or view






where γlc is the radiation attenuation coefficient for a leaf layer. The radiation atten-
uation coefficient depends on the leaf angle orientation, and is a number between 0 to
1. For vertically orientated leaves (parallel to plane of wall), γlc “ 1. For horizontally
orientated leaves (perpendicular to plane of wall), γLL “ 0.
180,181 A value of γlc “ 0.4
is used in this work assuming that the leaves in the leaf layer are aligned at less than
45o from the planar wall. The values of LAI vary from 0.01 for short plants with
small leaves, to 7 for a dense leaf layer with longer leaves. For the case when there
are no leaves present in front of the wall, LAI = 0, and Eq. 4.1 reduces down to
that of a bare wall as seen in Chapter 2. LAI can be thought of as a measure of the
coverage density of leaves in the leaf layer, and higher values of LAI make the leaf
layer more and more opaque. As shown later, LAI not only plays a significant role
in affecting the radiative heat transfer through the canopy, but also in affecting the
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latent and sensible heat transfer from the green facade to the ambient air. The other
energy terms in Equations 4.1 and 4.3 are defined as follows:
• Prad,lw - the net radiative heat transfer rate per unit area for the wall
• Prad,lc - the net radiative heat transfer rate per unit area for the leaf layer
• Prad,lc Ø lw - the net radiative heat transfer rate per unit area between the leaf
layer and the wall
• Pconv,al Ø lw - the convective heat transfer rate per unit area between the exterior
surface of the wall and air in the air layer
• Psens,lc Ø al - the sensible heat transfer rate per unit area between the leaf layer
and air in the air layer
• Psens,lc - the sensible heat transfer rate per unit area between the leaf layer and
the ambient air
• Psens,lc - the latent heat transfer per unit area of water vapor from the leaf layer
to the ambient air
• Pcond - the conductive heat transfer rate per unit area between the exterior and
interior surface of the wall
• Pcond,xx - the conductive heat transfer rate per unit area for the leaf layer and
air layer
These terms are described in the following subsections.
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4.3.1 Radiative Heat Transfer Terms
The net radiative heat transfer per unit area for a surface exposed to the sky is given
by:
Prad,xx “ pPsol,xx ` Patm,xx ` Pgnd,xx ´ Pemit,xxq (4.5)
where the subscript ’xx’ represents either the leaf layer (lc) or the wall (lw). Psol,
Patm, and Pemit are defined as per definitions in Chapter 2. The thermal radiation
absorbed by the surface due to radiation from the ground is also included since a
vertical wall is considered in this model. The ground is modeled as a blackbody
(ε “ 1) at a prescribed ground temperature, Tg as shown in Fig. 4.1. For simplicity,
Tg “ Ta in this work. Under these assumptions, Pgnd “ εxxFgndIgnd “ εxxFgndσT
4
a .
Here Fgnd “ 0.5 and is the radiation view factor for the surface to the ground
182 and
the green facade surface encompasses the entire surface area of a building wall.




εl ` εlw ´ εlεlw
¯
pPemit,lc ´ Pemit,lwq (4.6)
where εlw and εl are the emissivity of the wall, and leaf, respectively. Constant
values of emissivity for the leaf and the wall over the infrared wavelength range are
assumed. Most commonly reported value of εl “ 0.96.
108,113,179 The terms, Pemit,lc
and Pemit,lw are calculated using the definitions presented in Chapter 2 at the leaf
layer temperature and wall temperature, respectively. Note, the sign in Eq. 4.6 will
flip for the case of lw Ñ lc.
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4.3.2 Convective Heat Transfer Terms











hcpTa ´ Tlwq :LAI ď 0.5
LAIp κa
zal
qpTlc ´ Tlwq :LAI ą 0.5
(4.7)
where hc is the convective heat transfer coefficient in the air layer given by the Simple
Combined Algorithm for very rough surfaces (see Appendix D for details); and κa is
the effective thermal conductivity of the air in the air layer (W m´2 K´1). I make a
distinction in the heat transfer coefficient based on the number of leaves in the leaf
layer using LAI. For high values of LAI, the leaf layer acts as an impermeable layer183
and blocks ambient air from reaching the surface of the wall. However, for low values
of LAI, external wind speeds at ambient air temperature outside the leaf layer must
be included. For leaf layers with LAI ď 0.5, much of the surface area of the vertical
wall is exposed directly to ambient air conditions. This is confirmed by images shown
in previous works.68,113
For values of LAI ą 0.5, the convective heat transfer between the air layer and
wall can be modeled as conduction through the air layer. The thermal nodes for this
case become the leaf layer temperature, Tlc and Tlw. This term is scaled by the LAI of
the leaf layer as additional layers will enhance the conductive heat transfer through
the air between the leaf layer and the wall. In other models proposed by Flores et
al.110 and Suklje et al.183, the convective heat transfer coefficient between the air layer
and wall is modeled using Nusselt number correlations for natural convection from
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buoyancy driven flows. As per Bejan, for buoyancy driven flows in vertical cavities,
the thickness of the air layer, zal needs to be greater than thickness of the laminar
natural convection boundary layer that would line the vertical walls.184 As per Bejan,










where g is the gravitational constant (m s´2); β “ 1{T is the expansion coefficient
of air at a given temperature (K´1); νair is the kinematic viscosity of air at a given
temperature (m2s´1); and βair is the thermal diffusivity of air at a given temperature
(m2s´1) The Rayleigh number is a non-dimensional quantity that represents the
ratio of time scales of heat transfer by conduction to heat transfer by convection. For
indirect green facades, the air layer thickness, zal is typically in the range of 0.05 -
0.2 m.104,108 The height of a green facade or building wall varies greatly with type
of construction. In this work, I consider an entire building’s height to be covered
with a green facade, and assume that H " 10m. Infiltration of ambient air from the
bottom of the green facade into the air layer is also not assumed. As I will report
in subsequent sections, this approximation fits the experimental data published by
other works. Additionally, when there is no air layer separating the leaf layer from
the wall, I will consider Pconv, al-lw “ 0.
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4.3.3 Conductive Heat Transfer Terms
The conductive heat transfer rate per unit area through the wall is defined as:
Pcond “ κlwpTin ´ Tlwq (4.10)
where κlw is effective thermal conductivity of the wall; and Tin is the internal surface
temperature of the green wall.
I consider steady-state heat transfer in the leaf layer and air layer, and only
consider transient heat conduction through the wall. This is because of the relatively
larger thermal mass of the wall compared to that of the leaf layer and air layer. Hence,






“ 0. See Appendix E for more details on how the density, specific heat, and
thickness of a mass affect the transient thermal response of a wall.
4.3.4 Sensible and Latent Heat Transfer of the Leaf Layer
The derivation of the sensible and heat transfer terms for the leaf layer require a
deeper understanding of leaf physiology. A full study of the mass transport of chem-
icals and water vapor throughout the leaf is beyond the scope of this dissertation.
Additionally, the affects of irrigation, rain, and snow on the leaf’s ability to transfer
heat to its surroundings is not considered in this work. Only the leaf parameters
that directly affect the sensible heat transfer into its surroundings, and evaporation
of water from its surface (latent heat loss) will be considered as they regulate the
temperature of the leaf, and affect the overall performance of a green facade.
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4.3.4.1 Stomatal Conductance
The amount of water vapor that is evaporated from a leaf depends on a critical leaf
parameter known as stomatal conductance, gs, defined as the rate of measure for
water vapor diffusion from the surface of leaf (m s´1 or mol m´2 s´1) The stomata
on a leaf tissue are pores that operate as valves and control the diffusion of water
vapor from the leaf surface to the surrounding air.179 Much like human skin, a leaf
regulates its water vapor content by closing and opening its stomatal pores depending
on its own temperature, solar radiation, and humidity in the surrounding air. For
instance, in dry conditions with high solar loads, a leaf may close its pores to reduce
loss of water vapor causing the stomatal conductance to decrease. The variability of
stomatal conductance during a day is challenging to predict, and depend on factors
such as irrigation as well. Hence, a maximum value of stomatal conductance, gs,max at
full solar loads is typically considered in thermal models.68,110,179 Based on the work
of Korner et al., maximum stomatal conductance values are in the range of 0.02 - 0.04
m s´1, 0.002 - 0.005 m s´1, and 0.0125 - 0.00625 m s´1 for corn/soybeans, trees, and
vertical creepers, respectively.185 In this work, I use the values of maximum stomatal
conductance for creepers in green facades. It is often convenient to express stomatal
conductance in units mol m´2 s´1. An approximate conversion offered by Jones et
al.186 at standard atmospheric temperature and pressure at sea level is given by:
gs (mol m
´2 s´1) “ 40 gs (m s
´1) (4.11)
For convenience, gs “ gs,max for the rest of this work.
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Since I am interested in green facades with multiple leaves, gs for a single leaf
needs to be related to that of an entire layer of leaves. Naturally, the leaves facing
ambient air conditions will have different stomatal conductance values as opposed to
the ones facing the wall. However, there is a convenient and well-accepted relation
that approximates the the conductance of water vapor through a leaf to that of an
entire leaf layer using LAI.
gs,lc “ 0.5LAIgs (4.12)
This relation was originally developed for the diffusion of water vapor in a horizontal
layer of crops above a soil layer by FAO.187 However, numerous studies have demon-
strated this to be an acceptable relation for green facades.81,88,110
4.3.4.2 Aerodynamic Conductance
The conductance of water vapor in the form of sensible and latent heat exchange to
surroundings depends on the mass and heat transfer at the boundary layer of the







where cp,a is the specific heat of air (J kg
´1 K´1), and ρa is the density of air (1000
kg m´3). The units for gaero are m s
´1. The sensible heat transfer coefficient, hsens,lc
(W m´2 K´1) for the leaf layer will be defined later.













LAIgaero : LAI ă 3
gaero : LAI ě 3
(4.14)
Interestingly, the leaf layers with high values of LAI can be approximated as a large
leaf. In both of the cases in Eq. 4.14, the horizontal movement of air is not considered.
For a dense leaf layer, the solar radiation and ambient air do not reach the back leaves
that are closer to the wall. Hence, the stomatal conductances of these leaves is much
lower, and the contribution to both sensible and latent heat transfer is low.188
The aerodynamic conductance of a leaf layer can also be directly calculated from
empirical correlations derived by FAO for a horizontal crop layer atop soil.187 FAO
assumes that the wind profile is logarithmic on top of a crop layer and that sensible
and latent transfer happen only at the top layer of the crop. The general equation to















where gaero,lc is in m s
´1; zm is the measuring position of wind speed relative to the
green facade; zh is the measuring position of relative humidity relative to the green
facade; zom and zoh are roughness scales at zero wind speed determined by other
correlations; Va is the local wind speed; and k is the von Karmen’s constant (k “ 0.41)
Equation 4.15 is rather cumbersome to use, and requires several other parameters.
Instead, I use a much simpler approach that predicts the surface temperature of the









where only the thickness of the leaf layer, zlc, and height, H are required to predict the
aerodynamic resistance. The sensible heat transfer coefficient can now be calculated



























: LAI ě 3
(4.17)
Finally, the latent heat loss from the surface of a leaf are affected by both the
stomatal conductance and its aerodynamic conductance. Both of these conductances
act in series to affect the latent heat transfer between the leaf and its surroundings.




















4.3.4.3 Sensible Heat Transfer
The sensible heat transfer per unit leaf layer area to ambient air is given by:
Psens,lc “ hsens,lcpTa ´ Tlcq to ambient air (4.19)
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where hsens,lc is the effective sensible heat transfer coefficient to ambient air defined
by Eq. 4.17. And the sensible heat transfer per unit leaf area to the air in the air
layer is given by:
Psens,lc-al “ hsens,lc-alpTal ´ Tlcq to air in air layer (4.20)
hsens,lc-al is the effective sensible heat transfer coefficient to air in the air layer. I assume
that hsens,lc-al “ 0 based on the discussion in the previous section. The stomatal pores
of the leaves facing the wall can be considered to be closed (gaero,lc is negligible), and
the wind speed inside the air layer can be considered to be negligible. Based on this
assumption, the sensible heat transfer in the leaf layer will only be to the ambient
air.
4.3.4.4 Latent Heat Transfer
Similarly, only the latent heat transfer to ambient air is considered in this model.





∆pTa ´ Tlcq `D
ff
(4.21)
where pa is the atmospheric pressure at sea level (kPa), and λ is the latent heat of
vaporization (J mol´1). The terms, ∆ and D represent the amount of water vapor
present in the air surrounding the leaf. ∆ (kPa/o C) is the slope of the saturation
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(kPa). Finally, D (kPa) is the defined
as the vapor deficit in ambient air and is given by:
D “ es ´ RHes (4.23)
where RH is the relative humidity of local air. Equation 4.21 has different form
than the more commonly used Pennman-Monteith equation118 in other works. The
form presented here has been inspired by Campbell179 and is more intuitive since the
environmental parameters such as relative humidity and air temperature are directly
related to the latent heat loss in the leaf layer.
4.3.5 Final Equations for The Model
Now that the groundwork to evaluate the heat transfer through a green facade has
been provided, Eqs. 4.1 to Eqs. 4.3 can be re-written to be consistent with the




“ σlcPrad,lw ` p1´ σlcqPrad,lc-lw ` Pconv,al-lw ` Pcond (4.24a)
0 “ p1´ σlcqPrad,lc ` p1´ σlcqPrad,lw-lc ` Psens,lc ` Plat,lc ` Pconv,lw-al (4.24b)
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Since the sensible and latent heat transfer to the air layer is not considered, and
the convective heat transfer rate from the air layer to the wall is not considered,
Eq. 4.2 is not necessary to solve for the temperatures of the wall and leaf layer.
As demonstrated in Appendix E, the transient thermal response of the wall can be
calculated at hourly time steps.
4.4 Model Validation
4.4.1 Assumptions
Before demonstrating the thermal performance of a green facade, some broader as-
sumptions of the system must be addressed.
• The green facade encompasses the entire surface of a vertical wall of a build-
ing envelope. The radiation view factor, F of the green facade to the sky or
atmosphere is assumed to be 0.35.182
• The leaves in the leaf layer are uniformly distributed, and variation in individual
leaf angles and orientation are not considered.
• All the leaves in the leaf layer have a uniform temperature, Tlc.
• Soil moisture at the ground and precipitation/irrigation/rainfall are not con-
sidered.
• Only 1-D heat transfer through the vertical layer of leaves and wall is considered.
• Vertical heat transfer between leaves are not considered.
• Seasonal and diurnal variation of leaf properties such as ε, α, and gs are not
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considered.
• Seasonal and diurnal variation of wall properties such as ε and α are not con-
sidered.
• Variation of wind speed with height of the wall is not considered.
4.4.2 Results
Due to the lack of an experimental apparatus to test my model, I rely on the experi-
mental data reported by Suklje et al.108 and Susorova et al.113 to validate my model’s
predictions. The works of these authors have been chosen for the following reasons:
(i) local ambient conditions such as Ta, RH, Va, and Isol are reported at hourly time
steps; (ii) temperature measurements of the exterior and interior surface of the green
wall are reported at hourly time steps; (iii) the experimental apparatus used by the
authors most closely resembles the leaf layer and wall that I model shown in Fig. 4.1;
(iv) the material parameters of the leaf layer and wall are reported. I determined
that the aforementioned criteria are necessary to accurately validate the numerical
model of a green wall under different ambient conditions, geometries, and leaf layer
properties.
4.4.2.1 Study 1
The parameters of the experimental setup used by Suklje108 are provided in Table 4.1.
To validate my model against Suklje’s data, I introduce an additional thermal node at
the internal surface of the wall to account for internal convective heat transfer inside
the building. Suklje estimates a constant internal air temperature of 24 o C with an
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internal heat transfer coefficient of 7.7 W m´2 K´1. The air layer separation between
the leaf layer and wall, zal “ 0.150 m in Suklje’s indirect green facade configuration.
This has been taken into account in my model as well.
The hourly temperature of the green wall, Tlw with thermal lag was predicted
by my model using the parameters provided by Suklje. Figure 4.2 demonstrates
the hourly temperature of the green wall predicted by my model compared to the
temperature of the green wall measured by Suklje. As shown in Fig. 4.2, the model
temperatures and measured temperatures by Suklje are closely correlated with an
overall correlation (R2) of 0.83 for all hours.















Figure 4.2: Hourly temperature variation of a green wall simulated by my model
(solid line), and measured by Suklje108 (dots).
Suklje’s model also predicts his measurements of wall temperature within a similar
degree of error. The sources of error in model predictions come from the uncertainties
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Table 4.1: Material properties used in by Suklje108
Property Units Leaf Layer (lc) Wall (lw)
ε – 0.96 0.98
α – 0.768 0.75
cp J kg
´1 K´1 N/A 880
ρ kg m´3 N/A 1800
κ W m´1 K´1 N/A 1.1
z m 0.6 0.012
gs mol m
´2 s´1 0.4 N/A
LAI – 7.2 N/A
associated with the measurements of RH, Ta, Isol, and Va. Additionally, the value
of LAI itself in Suklje’s work has a non-negligible uncertainty. With the use of
Monte Carlo simulations, Suklje determined the overall uncertainty of these dynamic
conditions on model predictions as ˘11.7%. The wall temperature predicted by my
model in Fig. 4.2 are within this uncertainty range at all hours.
Other potential sources of error arise from changes in the leaf stomatal conduc-
tance as the leaves wither over time. In my model, I assume constant values of
stomatal conductance at all times. Additionally, my model assumes only conductive
heat transfer in the air layer with the assumption that the H " zal. Suklje’s experi-
mental apparatus has a height of 2.45 m, wit 0.200 m gap at the bottom of the wall.
To accurately predict the temperature of the wall in Suklje’s apparatus, convective
heat transfer in the air layer needs to be evaluated more carefully.
4.4.2.2 Study 2
Since the purpose of this work was to develop a generalized model that could be
applied to different leaf layer (or canopy) constructions, I also compare my model
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to data reported from a different published report by Susorova.113 Unlike Suklje,
Susorova’s experimental setup is that of a direct facade with no air layer separation the
leaf layer from the wall. Susorova only reports green wall temperature measurements
for a 24 hour period on August 31 for a south-facing green wall of a building located
in Chicago. The hourly variation in environmental conditions for this day is not
provided. Only the average, minimum, and maximum values for Ta, RH, Va, and
Isol on August 31 are reported by Susorova. To simulate the hourly temperature
of the green wall, I apply corrections to the TMY weather data for Chicago from
NREL129 for August 31 using the average, minimum and maximum values provided
by Susorova. Similar to the analysis performed in Study 1, I use parameters provided
by Susorova (Table 4.2) to predict the temperature of the green wall. The internal
wall temperature of Susorova’s experiment is provided, and I include this in the model
to improve prediction accuracy.
Figure 4.3 demonstrates the hourly temperature of the green wall predicted by
my model compared to the temperature of the green wall measured by Susorova. As
shown in Fig. 4.3, the model temperatures and measured temperatures by Susorova
are closely correlated with an overall correlation factor, R2 = 0.93. A thorough
discussion of measurement uncertainty was not provided by Susorova. However, I
attribute the sources of error to measurements, and the differences in the plant species
between my model and Susorova’s experimental setup. Further sources of error are
inherently introduced in this particular study due to the lack of hourly environmental
data. The corrections made using the NREL TMY weather data for Chicago do not
accurately capture the hourly trends in environmental conditions faced by Susorova’s
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Table 4.2: Material properties used by Susorova113
Property Units Leaf Layer (lc) Wall (lw)
ε – 0.96 0.90
α – 0.5 0.70
cp J kg
´1 K´1 N/A 468
ρ kg m´3 N/A 672
κ W m´1 K´1 N/A 0.8
z m 0.6 0.20
gs mol m
´2 s´1 0.2 N/A
LAI – 1.8 N/A
experimental setup.
















Figure 4.3: Hourly temperature variation of a green wall simulated by my model
(solid line), and measured by Susorova113 (dots).
The leaf layer and wall geometries used by both Suklje and Susorova are different.
However, my model closely predicts the green wall temperature in both cases. By
using experimental data from other works, I report that my thermal model can accu-
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rately predict the thermal performance of a green wall and can be used to quantify
the reduction in thermal loads on a building’s facade.
4.5 Sensitivity of Green Facades to
Environmental Conditions
The model described can be used to compare the thermal performance of a green
facade to that of a wall without any leaves adjacent to its surface. I refer to this wall
as a bare wall (subscript, bw), and calculate the hourly temperature profiles of the
green walls and a bare wall with thermal lag. As performed in Chapter 2, Tampa,
Florida is selected as a test environment to represent a hot and humid climate, and
the TMY file from NREL129 is used to obtain the following environmental parameters
at hourly time-steps:
• Ambient air temperature, Ta
• Relative humidity, RH
• Incident solar radiation, Isol
• Local wind speed, Va
Instead of using the sub-ambient temperature reduction as a performance metric
for green facades, I use Tbw´ Tlw as a metric to quantify performance in this section.
This temperature difference can be multiplied (divided) by the thermal conductance
(resistance) of the wall to estimate the net heat flux reduction offered by green walls.
Here the temperature difference is provided since the thermal conductance or resis-
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tance of the wall depends highly on the type of construction. Lastly, the performance
of both direct and indirect green facades is considered. Table 4.3 summarizes the
properties of the leaf layer and wall used for this simulation.
Figure 4.4(A) shows the difference in hourly temperatures between a bare wall and
indirect and direct green facades with different LAI values (0 - 5) for two selected
days during the month of March in Tampa, Florida. Interestingly, direct and indirect
configurations with the same LAI values exhibit similar thermal behavior during the
selected time period. During the second day (hours 34 - 36), an indirect facade
performs only marginally better than a direct facade. Since the assumptions in the
model do not consider any conductive heat transfer in the air layer, the direct green
facade performs slightly worse than the indirect case. Further, the leaf layer in a
direct configuration will experience higher temperatures as it is in direct contact with
the wall.
As expected, the case of a bare wall is obtained when LAI = 0 for both facade
configurations since Tbw´Tlw “ 0. During the day time, higher values of LAI produce
larger temperature reductions. This is expected since larger values of LAI increase the
opacity of the leaf layer, which lowers the intensities of solar radiation, and thermal
radiation from ground and the atmosphere from reaching the surface of the wall.
Increasing the LAI of the leaf layer will hence, prove to have a greater impact on the
wall temperature when solar radiation levels are high. This can be observed in Fig.
4.4(A) where the temperature reduction offered by the green facades is more than
twice as high at hours 34 - 36 compared to hours 14 - 16. During the first day, the
solar radiation incident on the surface is significantly lower than the second day due
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Table 4.3: Material properties used in the model to produce Fig. 4.4. For the indirect
green facade, zal “ 0.1 m.
Property Units Leaf Layer (lc) Wall (lw)
ε – 0.96 0.90
α – 0.768 0.75
cp J kg
´1 K´1 N/A 880
ρ kg m´3 N/A 1800
Z mm 0.10 0.20
gs mol m
´2 s´1 0.4 N/A
LAI – 0-5 N/A
to cloudy skies as shown in Fig. 4.4(B).
The presence of the leaf layer (with low and high LAI values) reduces the wall’s
view factor the sky, and prevents the building surface from taking advantage of the
atmospheric transmission window described in the previous Chapters. Instead, the
radiation emitted from the surface is partially absorbed by the leaf layer and re-
radiated back to the wall. This can actually raise the temperature of a green wall
as shown in Fig. 4.4(A) during the night time hours. While a bare wall can take
advantage of the atmospheric transmission window (red curve in Fig. 4.4(B)), a wall
with a leaf layer cannot, and higher values of LAI result in poorer performance of
green facades during cloudy days and night time.
The two days shown in Fig. 4.4(B) differ significantly in their variations in rel-
ative humidity, RH. From Chapter 2, we know that relative humidity affects the
transmissivity of the atmosphere. In the case of green facades, relative humidity of
air can also affect the latent heat transfer from the leaf layer as per Eq. 4.21. In
the subsequent sections, I provide a discussion on how RH, and other environmental
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Figure 4.4: (A) Hourly variation in temperature difference between an indirect green
facade (idc) and bare wall shown as the blue shaded region, and hourly variation in
temperature difference between a direct facade (dc) and bare wall shown as the green
shaded region for two days in the month of March in Tampa, Fl. The shaded regions
correspond to values of LAI between 0 to 5 for both types of green facades. The
solid curves correspond to LAI = 5. Tbw ´ Tlw “ 0 for LAI = 0. (B) Environmental
parameters shown for two days in the month of March for Tampa, Fl. Bare wall
temperature shown as red curve for reference.
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4.5.1 Solar Radiation and Relative Humidity
While Fig. 4.4 shows the diurnal thermal response of green facades with thermal lag,
the sensitivity of the wall temperature to variables such as relative humidity and solar
radiation are not fully observed. A deeper analysis of these variables can provide more
insight on the types of climates that are better-suited for green facade applications. To
capture the effects of environmental conditions on the wall temperature, I introduce





where Tin “ 296 K is held as a constant. The difference between external and internal
temperature for a bare wall determines the contribution of the wall to the cooling
demand of a building. Low values of η ă 1 are desirable so that a green facade
contributes to a reduction in the net heat flux across a wall of a building envelope.
The steady-state behavior of green and bare walls is considered, and the levels of
relative humidity and solar radiation are varied while holding values of wind speed and
ambient air temperature constant at 2 m s´1, and 300 K, respectively. As observed
in Fig. 4.4, higher values of leaf layer LAI prove to be more effective when levels of
solar radiation are high. This is confirmed by Fig. 4.5 where the values of η decrease
with increasing solar radiation incident on the wall. As expected, the effectiveness of
the green facade during the night time (Isol “ 0) is greater than 1 especially when
relative humidity is low. Interestingly, even a denser leaf layer (high LAI), does not
offer significant thermal benefits at low levels of solar radiation (Isol ă 50) as per Fig.
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4.5. However, high values of LAI improve the effectiveness of the green facade at
higher levels of solar radiation and at all relative humidity levels shown in Fig. 4.5.
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RH = 25 %
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RH = 100 %
Figure 4.5: Effectiveness, η as a function of solar radiation, Isol at different levels of
relative humidity, RH. Bottom dashed curves correspond to LAI = 5, and top solid
curves correspond to LAI = 2. Low values of η are desirable. gs “ 0.4 mol
´1 m´2
s´1, zlc “ 0.1 m, Ta “ 300 K, Va “ 2 m s
´1 for all curves.
Figure 4.5 also shows the affects of relative humidity on green facade performance.
For low levels of solar radiation under 400 W m´2, the relative humidity has greater
impact on the effectiveness of the green facade. However, η for a green facade does
decrease with increasing relative humidity. While the atmospheric radiation incident
on the leaf layer increases with higher levels of relative humidity, a green facade still
shows η ă 1 due to its ability to counteract the effects of high atmospheric radiation
with latent heat loss. The relatively weak dependence of RH on η can be explained
by the vapor deficit, D defined in Eq. 4.21. The vapor deficit in ambient air decreases
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as humidity increases. However, as per Eq. 4.21 latent heat loss is still possible as
long as the stomatal pores in the leaves remain open as discussed in Section 4.3.4.1.
Figure 4.5 provides initial insight that green facades are better suited for applica-
tions in humid climates with higher levels of solar radiation during the day (or longer
solar hours in a day). The number of leaves in the layer or the density of the leaf
layer (characterized by LAI) should be selected based on the solar loads expected on
a building facade (depending on its orientation with regards to solar angles).
4.5.2 Wind Speed
Wind speeds incident on the surface of a wall affect the heat transfer coefficient,
hc in the case of a bare wall, and the sensible heat transfer coefficient, hsens in the
case of a green facade. The seasonal and diurnal performance of a green facade can
hence, be affected by the local wind speed during the time of a year and day. Figure
4.6 shows the variation in effectiveness with wind speeds for two weather conditions.
As expected, the effectiveness of a green facade is less than 1 for all wind speeds
for a typical summer day condition (square markers) The lower values of η can be
attributed to high solar radiation (Fig 4.5), and lower relative humidity levels for this
case. For a winter day or morning conditions, the lower levels of humidity and higher
solar radiations result in higher overall values of η.
As wind speeds increase, the bare wall’s heat transfer coefficient increases resulting
in higher convective loads on the surface. On the other hand, a leaf layer not only
prevents these high convective loads from reaching the surface, but also is able to
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Ta = 15o C
RH = 80 %
Isol = 200 W m−2
Ta = 30o C
RH = 50 %
Isol = 800 W m−2
Figure 4.6: Effectiveness, η as a function of wind speed, Va at different ambient
conditions representative of morning/evening/winter daytime conditions (circle), and
summer daytime conditions (square). gs “ 0.4 mol
´1 m´2 s´1, zlc “ 0.1 m, and LAI
= 5 for all curves.
take advantage of the higher wind speeds by evaporating more water vapor from
its surface. However, the sensible heat transfer coefficient for a leaf layer, hsens also
increases with wind speeds.179,188 The curves in Fig. 4.6 hence, show the competing
effects of sensible and latent heat transfer from the leaf layer at different ambient
conditions.
The aerodynamic conductance on the leaf layer’s boundary layer is enhanced by
greater wind speeds (Eq. 4.16), which in turn increases the effective boundary layer
conductance of gv,lc (Eq. 4.18b). For the summer curve (square), Plat,lc ą Psens,lc due
to lower levels of relative humidity, whereas for the winter curve (circle), Plat,lc ă
Psens,lc due to higher levels of relative humidity. A green facade is still effective for
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the winter condition up to wind speeds of 5 m s´1 as per Fig. 4.6, but can potentially
perform better during the summer at low wind speeds.
4.6 Applicability on Bare Walls
Thus far, I have assumed values of α “ 0.75, and ε “ 0.90 for the building surface (or
bare wall) on to which a leaf layer is applied. Since it has already been shown that
green facades are better suited for climates with high humidity and solar radiation,
a green facade will also be a more effective strategy on building walls with higher
solar absorptivity, and lower thermal emissivity. This is demonstrated in Fig. 4.7 by
contours of effectiveness, η plotted against α and ε of the wall behind the leaf layer.





























Figure 4.7: (A) Contours of effectiveness, η as a function of solar absorptivity, α and
thermal emissivity, ε of the wall behind the leaf layer with LAI = 2. (B) Contours
of η for a leaf layer with LAI = 5. Isol “ 1000 W m
´2, Va “ 1 m s
´1, gs “ 0.4 mol
´1
m´2 s´1, zlc “ 0.1 m for all curves. Low values of η ă 1 are desired for green facades.
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Figure 4.7 demonstrates that the performance of a green facade will improve when
the solar absorptivity of the surface behind the leaf layer is high. However, for low
values of α offered by other spectrally selective surfaces and coatings, a bare wall
will actually perform better even when solar radiation is at its peak levels during the
day. The effectiveness of the leaf layer is not as strongly dependent on the thermal
emissivity of the wall behind it when solar absorptivity is low. As shown in Fig. 4.4,
a bare wall does in fact perform better during the night time as it can emit thermal
radiation more freely through the atmospheric transmission window. Hence, green
facades should be chosen not only based on the climate, but also based on the existing
radiative properties of the bare facade. However, this is only the case when energy
savings are of utmost importance since green facades can also add aesthetic value to
an existing facade and mitigate UHI in the local environment.
4.7 Summary
In this chapter, a model to evaluate the performance of both direct and indirect
green facades is provided. Due to the absence of an experimental setup, I use the
data reported by Suklje et al.108 and Susorova et al.113 to confirm my model’s validity.
I study the thermal performance of green facades under different climatic conditions
to demonstrate its feasibility as a passive strategy. As noted in Chapter 2, the
performance of selective emitters is reduced in climates with high solar loads, and
humidity. My results indicate that green facades may indeed be more effective than
surface coatings such climates. Additionally, building facades exposed to higher levels
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of solar radiation can also serve as potential surfaces for green facade adoption. With
the additional benefits of UHI mitigation (not discussed in this work), green facades
offer a viable solution to reduce the thermal loads on a building envelope. Lastly,
further work to account for rainfall/precipitation, irrigation, and the variation in leaf
stomatal conductance over a year or day will improve the predictions shown by my
thermal model in this chapter.
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Chapter 5
Thermal Load Reduction by Passive Radiative Coolers
under Different Climates
5.1 Motivation
In 2019, our research group participated in the PowerBridgeNY program to inves-
tigate the commercialization of PDMS selective emitters39 (Chapter 3) as surface
coatings for the building envelope. The PowerBridgeNY program is funded by the
New York State Energy Research and Development Authority (NYSERDA) to com-
mercialize clean energy research projects from academic laboratories in the state of
New York. Through our work, we performed numerous interviews with architects,
design engineers, and coating manufacturers in the United States and India to develop
an understanding of the design constraints and challenges of implementing PRCs on a
building envelope. To our surprise, we discovered a wide range of versatile roof coating
products that meet both the structural and energy-efficient requirements mandated
by ASHRAE. While the vertical walls of a building also receive high levels of solar
radiation, DOE and ASHRAE do not require these surfaces to meet standards for
solar reflectivity (1 ´ α) or thermal emissivity, ε. Through PowerBridgeNY, we also
learned that the existing stock of buildings that do not have specialized coatings on
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their opaque facades and roofs can be renovated to qualify for energy credits with
modifications to their existing envelope. Keeping ASHRAE standards in mind, the
purpose of this chapter is to determine the additional energy savings (in terms of net
heat flux reduction into a conditioned space) that can be generated by using PRC
strategies discussed in this dissertation. To that end, I select the seminal works in
the field by Raman et al.56 and Mandal et al.46 and my previously reported structure
composed of PDMS thin films atop aluminum.39 I also include green facades due to
their ability to lower the net heat flux into a building. Due to the strong correlation
between climatic conditions and PRC performance, I perform a comparative study
under three different climates in the United States.
5.2 Climate Zones in the US
For the purposes of developing thermal management guidelines for buildings, DOE re-
searchers from the Pacific Northwest National Laboratory (PNNL) established broad
climate zones in the United States as shown in Fig. 5.1. The enumerated regions
in Fig. 5.1 have since been used by the International Energy Conservation Code
(IECC) and ASHRAE to develop energy-efficiency standards for buildings based on
the number of heating degree days, ambient air temperature, and humidity levels.189
A degree-day is a common term used by HVAC engineers and is defined as the
difference in temperature between the average outdoor air temperature and the inter-
nal air temperature of 65 oF in conditioned spaces of a building. The lettered zones





















Figure 5.1: IECC and ASHRAE Climate Zone Designation in the United States
based on temperature and humidity levels across the country. Locations of three
cities are shown for reference.189
climate zone 2B receive less than 20 inches of annual precipitation whereas regions
in climate zone 2A receive more than 20 inches of annual precipitation.189
To capture maximum variation in climatic conditions, I select three cities in this
work: Tampa, Florida (zone 2A); Phoenix, Arizona (zone 2B); and St. Paul, Min-
nesota (zone 6A). At each of climate zone, the ASHRAE 90.1 Energy Standard for
Buildings not only describes the minimum radiative and thermal properties required
for the building envelope, but also sets standards for HVAC, domestic water, lighting,
and power sources.60 In this chapter, I focus solely on the radiative properties of the
roof and vertical walls of a building.
Building owners can comply with ASHRAE 90.1 code using several compliance
strategies. For instance, a building envelope’s overall effective thermal resistance
(commonly referred to as R-value) may offset the favorable radiative properties of
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a PRC under some climates. However, states like Florida, Arizona, California, and
Texas may require high reflecting coatings on the roofs of commercial buildings to
additionally mitigate the UHI effect. Further, based on my review of ASHRAE
90.1, only low-sloped roofs require high values of solar reflectivity (1-α), and thermal
emissivity in climate zones 1-3 where solar radiation levels are high (see Fig. 5.1) The
vertical walls only require minimum levels of thermal insulation based on construction
type.
Clearly, performing detailed code compliance analysis of a building envelope de-
pends on several parameters such as construction type, interior space, and climate.
This is beyond the scope of this dissertation. To determine the additional benefits
of implementing PRCs in the form of surface coatings and green facades on exist-
ing (non-renovated) building surfaces, we need the solar absorptivity, α and thermal
emissivity, ε of commonly used construction materials. From my work in Power-
bridgeNY, I determined that asphalt and concrete based materials on the walls, and
black EPDM (Ethylene-Propylene Diene-Terpolyme) rubber membranes are widely
used across the United States. Henceforth, I define the radiative properties of these
non-renovated surfaces as ’reference’ (ref.) Interestingly, both concrete and black
EPDM have similar properties of αref “ 0.75 and εref “ 0.9 as shown in Fig. 5.3.
For the remainder of this chapter, I will study the additional reduction in heat flux
offered by the selected PRCs over these reference properties and make a case for their
feasibility on existing non-renovated facades.
Lastly, the minimum effective thermal resistance required by ASHRAE 90.1 for
roofs and walls differ by climate zone. Figure 5.2 summarizes the thermal properties
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• 𝜅eff = 0.3 𝑊 m
−1 K−1
• 𝜌eff = 1800 kg m
−3
• 𝑐p,eff = 837 J kg
−1 K−1
• 𝑅 = 0.98 m2 KW−1 (Tampa/Phoenix)




Black EPDM, 0.01 m
Foam Insulation, 
0.21 m (Tampa & Phoenix)
0.29 m (St. Paul) 
Decking, 0.002 m
• 𝜅eff = 0.063Wm
−1 K−1
• 𝜌eff = 352 kg m
−3
• 𝑐p,eff = 860 𝐽 𝑘𝑔
−1 𝐾−1
• 𝑅 = 3.52 m2 KW−1 (Tampa/Phoenix)




Figure 5.2: (A) Reference wall properties for the cities under consideration. (B)
Reference roof properties for the cities under consideration. Values obtained from
ASHRAE 90.160 and EnergyPlus.182 Properties for Tampa and Phoenix are the same
since they are both in Climate Zone 2.
The thermal resistance values in St. Paul are higher than those for Tampa and
Phoenix due to the colder winter climates in St. Paul. Additionally, the roof has
higher thermal resistance than the wall since it receives the highest solar intensities
throughout the year. The height of the wall, and width of the roof are not shown in
Fig. 5.2. The selected PRC strategy will be applied to the entire opaque surface area
of the facade in this chapter.
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5.3 Selection of PRCs
The radiative properties of the selected PRCs to be investigated are shown in Fig.
5.3. These PRCs can be potentially applied to the roofs and walls in the form of
coatings.




























Figure 5.3: Spectral emissivity of selected PRCs. Raman et al.56 (red curve); Man-
dal et al.46 (labeled ‘Jyoti’ green curve); 100 µm PDMS film on aluminum39 (magenta
curve); high performing commercial coating labeled Comm. (blue curve); ASHRAE
90.1 minimum requirements60 (cyan curve); and reference properties labeled Ref.
(gray curve). Smaller wavelength region shown for PDMS on aluminum due to unre-
ported optical properties of PDMS for the whole spectrum. See Chapter 3 for details.
Atmospheric transmission window (blue shaded region), and sample solar spectrum
shown (yellow shaded region) shown for reference (axes not shown)
For existing buildings and those going through renovation, ASHRAE 90.1 has
minimum solar absorptivity and thermal emissivity requirements for only low-sloped
or flat roofs in climate zones 1-3 (Tampa and Phoenix) Since ASHRAE 90.1 does not
require roofs in climate zones 6 to have minimum acceptable solar absorptivity and
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thermal emissivity values, α and ε values for St. Paul are assumed to be the same as
those in Tampa and Phoenix. Further, I apply the same values to the vertical walls
at all locations. These values are shown by the cyan curve in Fig. 5.3.
From my survey of existing commercial roof coatings shown in Fig. 1.4, I selected
the best performing properties for solar absorptivity and thermal emissivity shown
by the blue curve in Fig. 5.3. Even though these coatings are engineered for the
roof, I will use their radiative properties for the vertical wall in this work. I also
assume constant (non-spectrally selective) values of α and ε for commercial coatings
as provided by product specifications.
The seminal works of Raman et al.56 and Mandal et al.46 have been selected
since they have demonstrated sub-ambient temperature reduction during the day
time. While Raman’s emitter shows a high degree of selectivity in the atmospheric
transmission window, Mandal’s emitter (labeled ‘Jyoti’ in Fig. 5.3) shows higher
broadband values of emissivity in the thermal wavelengths. We expect both of these
structures to show the maximum cooling potential and heat flux reduction over the
reference surface due to their low absorptivity in the solar wavelengths.
I include my previously reported selective emitter composed of 100 µm thick
PDMS thin films atop aluminum. A value of ε or α “ 0.15 is assumed for PDMS on
aluminum for all wavelengths under 2.5 µm. This is because of the lack of optical
properties of PDMS available in this wavelength range.
All the PRC structures shown in Figures 5.3 demonstrate lower values of α than
the reference surface indicating a proportional reduction in heat flux through the wall
and roof during the day time. However, all the surfaces have high values of thermal
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emissivity, and can demonstrate sub-ambient temperature reduction during the night
time. In the following thermal evaluation, the transient response of the walls and
roofs (see Appendix E) are considered based on the thermal properties shown in Fig.
5.2. As will be shown in the subsequent sections, the larger thermal mass of the walls
will actually keep the surface temperatures cooler or warmer even during the night
depending on the type of PRC on the surface.
Lastly, green facades will be also considered, but only for the case of vertical walls.
Due to their ability to obstruct solar radiation from reaching an existing wall, they
may prove to be more effective than a surface coating approach in certain climates.
Different values of leaf area index (LAI) will also be investigated for all the three
climates.
5.4 Simulations








where Rref is defined for each city’s wall and roof in Fig. 5.2. Values of Qred ą 0
indicate a net heat flux reduction offered by a particular PRC over the reference
surface. The procedure used in Chapters 2 and 4 are used to calculate the transient
response of a wall and roof at hourly time steps. The analysis is also performed for















p0.5p1` cosφq : sky
0.5p1` cosφq : ground
(5.2)
where φ is the tilt angle of the surface and is 0o and 90o for the roof and vertical wall,
respectively. Similar to the work performed in the previous Chapters, the following
environmental conditions for Tampa, Phoenix, and St. Paul were obtained from TMY
weather files from NREL:129 incident solar radiation, Isol; ambient air temperature,
Ta; relative humidity, RH; and local wind speed, Va. For the case of the wall, an
east-facing wall is selected to maximize the intensity of incident solar radiation on
the surface.
Two approaches are used in demonstrating the performance of each of the selected
PRCs and reference surfaces. First, I show the diurnal behavior for a roof and a wall
during a modeled or ’average’ winter and summer day at each location. Average
winter and summer days are calculated from the environmental conditions obtained
from NREL TMY files at each location. For uniformity, I consider May to August, and
November to February as summer and winter months, respectively. This approach
is taken to demonstrate the average performance improvement offered by selected
PRCs over a reference surface, and the effects of seasonal variation in each city on the
temperature of the surface. Figure 5.4 and Figure 5.6 show the diurnal performance
for roofs and east-facing walls at each city, respectively.
Second, we show the total heat flux, Qtot, for each PRC applied on the roof
and wall during each month of the year (units: kWh m´2) at each location. These
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results show the net annual improvement in thermal loads offered by the selected
PRCs. Figure 5.5 and Figure 5.7 show the total monthly heat fluxes for roofs and
east-facings at each city, respectively.
5.4.1 Results for the Roof
As demonstrated in Fig. 5.4, the reference surface experiences significant increase in
temperatures (above ambient air) during the day time hours in all locations due to
its higher values of solar absorptivity. On the other hand, the emitters proposed by
Raman and Mandal demonstrate sub-ambient cooling with their low solar absorptiv-
ity values. Since commercial coatings and PDMS emitters have the same values of α,
their behavior (especially during the day time hours) is very similar. Consequently,
the heat flux reductions offered by the selected PRCs is highest during peak solar
hours, which indicates that solar absorptivity is directly proportional to the net heat
transfer into the roof’s surface.
It is clear from Fig. 5.4 that the PRCs with lowest values of α (Raman56 and
Mandal46) are best-suited in climates with high levels of peak solar radiation. Be-
cause Raman’s structure is more spectrally selective in the atmospheric transmission
window, it demonstrates slightly lower temperatures (higher Qred) during peak solar
hours when humidity is higher (Tampa and St. Paul summer) This behavior can also
be observed between PDMS selective emitters and commercial coatings.
During the night time hours, Raman’s PRC again shows the best thermal perfor-
mance compared to other PRCs due to its higher spectral selectivity in the infrared
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wavelengths. However, due to their relatively high thermal emissivity (ε ě 0.9), all
PRCs effectively demonstrate sub-ambient cooling during the night time. This results













Figure 5.4: Diurnal performance of select PRCs and reference surface applied on the
roof at Tampa, Phoenix, and St. Paul during an average summer and winter day.
Top Row: Hourly surface temperatures (colored solid) and ambient air temperature
(dashed). Middle Row: Hourly Qred for each PRC over the reference surface. Bottom
Row: Hourly variation in environmental parameters for each season and city.
While the PRCs reported by Raman and Mandal do show better performance





Figure 5.5: Total monthly heat flux into the roof, Qtot at each city. Qtot ą 0
represents total heat gain, Qtot ă 0 represents total heat loss.
changes impact their improved response. During the winter season, lower levels of
incident solar radiation diminish the improvement offered by these PRCs over the
ones required by ASHRAE and commercial coatings. In Phoenix, the performance
improvement is the greatest since seasonal variation in environmental conditions is
low. In St. Paul however, there is a drastic change in ambient temperature and solar
radiation between summer and winter. When solar radiation levels are low, all PRCs
show reduced performance since low values of α are no longer needed.
For all cities, the reference surface contributes to the highest total monthly heat
input through the roof as expected in Fig. 5.5. Similar to what was observed in Fig.
5.4, the select PRCs show the greatest reduction in total heat flux for the summer
months in Tampa and Phoenix. The peak summer months of June and July is where
the PRCs are most beneficial. In the winter months, the difference in performance
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between a reference surface and other PRCs is lower. While this is also the case for St.
Paul, the drastic levels of total heat loss in the winter months will contribute to rising
space heating requirements. This is demonstrated in Fig. 5.5 by negative values of
Qtot during the winter months. Unlike Tampa and Phoenix where space cooling inside
a building may be required for all hours of the year, passive radiative cooling in St.
Paul is not needed during the winter season. Instead, additional thermal insulation
will be required to counteract the heat loss offered by PRC surfaces. For convenience,
I show the annual heat gain/loss for each city offered by the reference surface and
PRCs in Table 5.1. While heat loss is favorable in climates like Tampa and Phoenix, it
is clearly not in St. Paul during the winter. Our results indicate that high performing
PRCs should be used in climates such as Tampa and Phoenix to counteract rising
space cooling loads through the year. However, in climates like St. Paul, more
detailed investigation of roof insulation and space heating considerations is required
for PRC adoption. Lastly, my simulations are performed under the assumption of
constant temperature of 23o C for the interior surface of the roof. The internal air
temperature of a conditioned building should be in fact considered in future models
to account for thermal comfort and internal air-conditioning and heating set point
conditions. In a real building, this will change with occupancy levels as well. Hence,
the results in this chapter should be simply used to guide the selection of a PRC for
the roof, and not used as exact performance metrics for any particular PRC.
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Table 5.1: Annual heat gain or loss per unit roof area (kWh m´2) at Tampa, Phoenix
and St. Paul for each PRC.
PRC Tampa Phoenix St. Paul
Ref. 5.2 5.2 -24.7
ASHRAE 1.8 1.4 -26.5
Raman -4.5 -5.8 -29.7
Mandal -5.2 -7.9 -30.2
PDMS/Al -3.3 -5.3 -29.2
Comm. -3.0 -4.9 -29.0
5.4.2 Results for an East-Facing Wall
The thermal response of walls is different than that of the roofs due to: (i) higher
thermal mass; (ii) lower intensities of incident solar radiation; (iii) lower thermal
radiation to the atmosphere because of smaller view factor to the sky. As expected,
the thermal response of walls closely follow the ambient air temperature as opposed
to that of the roof as shown in Fig. 5.6. Because of their higher thermal mass, the
surface of temperature of the walls actually remain higher during the night time in
most locations as shown in Fig. 5.6. Similar to the roof, the selected PRCs show
better performance than the reference surface, and their response to solar radiation
and humidity can be explained from previous discussions for the roof. High levels of
solar radiation and low humidity make the selected PRCs more effective.
The addition of a green facade to an existing building wall shows promise as a
passive strategy. As reported in Chapter 4, green facades with dense leaf coverage
(LAI = 5), and sparse leaf coverage (LAI = 2) can shade the surface of the wall, and
are more effective when solar radiation and relative humidity levels are high. This is
true for cities like Tampa and St. Paul where the humidity levels are indeed higher
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than for Phoenix. For the case of Phoenix, a dense green facade performs as well as
the PRCs reported by Mandal and Raman over the reference facade with its solar
shading benefits. From Chapter 4, green facades generate heat flux reductions during
the day time, and not during the night. This is again seen in Fig. 5.6, and the higher
thermal mass of the walls actually results in lower temperature fluctuations, causing
the surface temperatures to remain at sub-ambient levels for a longer duration.
Table 5.2: Annual heat gain or loss per unit wall area (kWh m´2) at Tampa, Phoenix
and St. Paul for each PRC.
PRC Tampa Phoenix St. Paul
Ref. 16.0 22.6 -104.2
ASHRAE 7.5 12.3 -110.0
Raman -7.0 -5.4 -119.6
Mandal -7.4 -7.3 -117.2
PDMS/Al -3.4 -1.9 -116.8
Comm. -2.8 -1.2 -29.0
LW (LAI = 2) 48.7 53.8 -72.4
LW (LAI = 5) 10.5 15.2 -104.8
Lastly, as discussed for the roof, the cold winter conditions in St. Paul can ac-
tually raise space heating costs in a building. Quite fortuitously, a green facade can
actually be a better-suited strategy in St. Paul due to its ability to keep the surface
temperatures warmer during the winter months (when night time hours are longer)
This is shown by the annual heat gain/loss in Table 5.2.
5.5 Summary
Based on my comparative study, I report that the selected PRCs can indeed generate














Figure 5.6: Diurnal performance of select PRCs and reference surface applied on
an east-facing wall at Tampa, Phoenix, and St. Paul during an average summer and
winter day. Top Row: Hourly surface temperatures (colored solid) and ambient air
temperature (dashed). Middle Row: Hourly Qred for each PRC over the reference
surface. Bottom Row: Hourly variation in environmental parameters for each season
and city.
roofs, the ASHRAE minimum requirements for α and ε also create additional energy
benefits. However, spectrally selective and commercial coatings can in fact further
reduce space cooling requirements particularly in less humid climates with high solar
intensities. For cold climates like St. Paul, passive radiative cooling during the





Figure 5.7: Total monthly heat flux into the east-facing wall, Qtot at each city.
Qtot ą 0 represents total heat gain, Qtot ă 0 represents total heat loss.
needed to determine the feasibility of specialized PRCs. Further, it is important to
note that commercial roof coatings also meet the structural and scalability criteria
for roofs. PRCs reported by researchers in academia should not only consider these
additionally requirements, but also determine if long-term ultraviolet and moisture
causes degradation of their structures’ optical properties.
For the case of vertical walls, green facades stand out as a potential passive strat-
egy across the three climates considered in this chapter. Even with sparser leaf
coverage, a green facade creates offers solar shading to the reference wall. While a
green facade shows higher monthly heat gains than other PRCs, it can in fact add
aesthetic value to an existing facade and mitigate the UHI effect. Additionally, it pro-
vides greater effective thermal resistance to the wall, which can reduce space heating
costs in colder climates. However, additional factors such as wilting and withering of
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leaves due to long-term ultraviolet exposure, and irrigation requirements should be
evaluated before selecting a green facade for a building wall. Lastly, for all PRC ap-
proaches on roofs and walls, precipitation (rain, snow and dew/frost formation) will
lower a surface’s cooling potential. The inclusion of these parameters will improve
the predictability of the annual PRC performance presented in this work.
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Chapter 6
Summary and Future Work
6.1 Contributions
1. Review of PRCs and Atmospheric Models : By providing a detailed thermal
model to determine the sub-ambient temperature reduction of objects facing
the sky, I investigated the theoretical limits of passive radiative cooling under
different atmospheric conditions. I determined the necessary solar absorptivity
and thermal emissivity values required to achieve passive cooling under vari-
ous solar loads and humidity levels. These are shown as contours in Appendix
C. I also show that spectrally selective emitters (in the atmospheric trans-
mission window) only perform better than broadband emitters when values of
solar absorptivity and convective heat transfer coefficients are kept low (Chap-
ter 2). I provide a procedure to use local relative humidity data to generate
atmospheric transmission spectra in MODTRAN, and show that the spectral
behavior of the atmosphere must be considered to accurately predict the tem-
perature of spectrally selective surfaces. Finally, I extend the thermal model to
a roof and vertical wall of a building to conduct a comparative study of seminal
works by Raman et al.,56 Mandal et al.,46 my previous work on PDMS selective
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emitters,39 and commercial coatings operating under different climates. (See
Chapter 2, Chapter 5, Appendix B, and Appendix C)
2. New Optical Properties of PDMS : I published the first optical data for PDMS
in the wavelength range of 2.5 µm to 16.5 µm, and use these properties to
predict the potential of PDMS for radiative cooling applications. I outline a
procedures for further optical tailoring of PDMS using SiC nanoparticles, and
numerically demonstrate that PDMS atop aluminum substrates can theoreti-
cally reach sub-ambient temperatures of up to 12o C when exposed to a clear
night sky. Additionally, my experimental results show that 100 µm thick PDMS
films atop aluminum can reach 1-2o C of cooling under a humid sky in Trichy,
India. (See Chapter 3, Refs. 39 and 190)
3. Thermal Model for Green Facades : I proposed a new model to determine the
energy budget of both direct and indirect green facades. I demonstrate the
numerical model’s validity by using the data obtained from the works of Suklje
et al.108 and Susorova et al.113 Unlike previous models that rely heavily on
the Pennman-Monteith evapotranspiration model,118 I offer a more convenient
approach to calculate the sensible and latent heat loss from the vegetation
layer using an approach inspired by Campbell.179 I introduce a metric known
as effectiveness, η to evaluate the performance of green facades under varying
solar radiation, humidity and wind speeds. I demonstrate that a green facade
is particularly effective in climates with high humidity and solar loads. Finally,
I also provide a detailed analysis for the energy budget of a single leaf. (See
Chapter 4 and Appendix F)
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6.2 Future Work
1. Characterization of Commercial Coatings : In their review of commercial paints,
Mandal et al.191 reported the spectral solar reflectivity of select white pigmented
paints. In this work, the constant (non-spectral) properties of commercial coat-
ings were assumed in the ultraviolet-visible and infrared wavelengths. In reality,
the optical properties of commercial coatings will have a spectral distribution,
and it will be interesting to see the resonant frequencies bands of such coatings.
For future designs of PRC surfaces, it will be invaluable to gain insight into the
materials used in such coatings, and their resonance behavior in the wavelength
range of interest to us for passive radiative cooling applications. Additional in-
spiration to create structurally robust PRCs for building applications can also
be drawn from studying the mechanical properties of commercial coatings.
2. Accelerated Weathering Tests for PDMS Selective Emitters : Based on my re-
view of the Cool Roof Ratings Council (CRRC) initial and aged radiative prop-
erties, I propose experiments to expose PDMS selective emitters to ultravio-
let radiation and moisture representative of three year dosage rates following
CRRC guidelines.61 Optical characterization of both bulk and thin films of
PDMS should be performed before and after ultraviolet radiation and moisture
exposure to determine the changes in PDMS refractive index. This work can
bring not just PDMS selective emitters, but also other PRC surfaces closer to
commercialization.
3. Precipitation and Aerosol Models : In my work heat transfer models, precipi-
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tation due to rainfall and snow (in cold climates) has not been considered. In
fact, dew formation on a surface can also inhibit the cooling potential of sur-
faces exposed to the sky. Based on my review, the effects of rainfall and dew
formation has not yet been covered by other researchers in the field. Although
it can be fairly complex, a model to account for type of surface (hydropho-
bic versus hydrophilic), and its porosity should be included in future studies.
Further, the evaporation rates of water from a surface, changes to the heat
transfer coefficient, and thermal radiation to the atmosphere all play a role in
the cooling power of a surface. In Chapter 2, I briefly mention that the atmo-
sphere becomes more opaque with increasing aerosol concentrations, which can
also decrease the cooling power of PRCs. Fortuitously, MODTRAN provides
an aerosol simulation toolkit that conveniently relates aerosol concentrations
to sky visibility.124 Such data (on smog, fog conditions) can either be obtained
from weather stations or from measurements, and input into MODTRAN to
generate atmospheric transmission spectra (along the same lines as my work in
relating relative humidity to MODTRAN units in Appendix B)
4. Radiative Transfer Script in EnergyPlus : As mentioned in Chapter 2, atmo-
spheric transmission spectra are needed to accurately model the radiative re-
sponse of spectrally selective emitters. Engineering software like EnergyPlus
use gray body approximations to model the sky, and only allow for constant
values (non-spectral) values of solar absorptivity and thermal emissivity of sur-
faces. It may be possible to integrate a numerical radiative heat transfer code
that considers spectral properties in the EnergyPlus run-time language known
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as Erl. With a robust Erl script, building-level simulations for various types
of residential and commercial buildings can be conducted by future PRC re-
searchers. Dahanayake et al.88 developed a Erl script to model green walls
with soil layers. Their methodology can be used as a starting point to develop
a radiative transfer script in future works.
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Engineering, 108:152–161, nov 2017. ISSN 09258574. doi: 10.1016/j.ecoleng.
2017.08.016.
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[155] Michael Daguenet. Les Séchoirs Solaires: theiorie at pratique. UNESCO, Paris,
1985. URL http://archives.umc.edu.dz/handle/123456789/118877.
[156] Marc Aubinet. Longwave sky radiation parametrizations. Solar En-
ergy, 53(2):147–154, 1994. ISSN 0038092X. doi: 10.1016/0038-092X(94)
90475-8. URL https://www.sciencedirect.com/science/article/pii/
0038092X94904758.
[157] Todd M. Crawford and Claude E. Duchon. An improved parameterization
for estimating effective atmospheric emissivity for use in calculating daytime
downwelling longwave radiation. Journal of Applied Meteorology, 38(4):474–
480, 1999. ISSN 08948763. doi: 10.1175/1520-0450(1999)038x0474:AIPFEEy
2.0.CO;2. URL https://journals.ametsoc.org/jamc/article/38/4/474/
15740.
[158] V Sridhar and Ronald L. Elliott. On the development of a simple downwelling
longwave radiation scheme. Agricultural and Forest Meteorology, 112(3-4):237–
243, 2002. ISSN 01681923. doi: 10.1016/S0168-1923(02)00129-6. URL https:
//www.sciencedirect.com/science/article/pii/S0168192302001296.
[159] Jeremy Streque, Abdelkrim Talbi, Philippe Pernod, and Vladimir Preobrazhen-
sky. New Magnetic Microactuator Design Based on PDMS Elastomer and
MEMS Technologies for Tactile Display. IEEE Trans. Haptics, 3(2):88–97, apr
2010. ISSN 1939-1412. doi: 10.1109/TOH.2009.61. URL http://ieeexplore.
ieee.org/lpdocs/epic03/wrapper.htm?arnumber=5374397.
[160] T Fujii. PDMS-based microfluidic devices for biomedical applica-
tions. Microelectron. Eng., 61-62(Micro- and Nano- Engineering 2001):907–
914, 2002. URL http://www.sciencedirect.com/science/article/pii/
S016793170200494X.
[161] A Lamberti, A Angelini, S Ricciardi, and F Frascella. A flow-through
holed PDMS membrane as a reusable microarray spotter for biomedical as-
says. Lab Chip, 15(1):67–71, 2015. URL http://pubs.rsc.org/en/content/
articlehtml/2014/lc/c4lc01027b.
[162] J B You, K Kang, T T Tran, H Park, and W R Hwang. PDMS-based turbulent
microfluidic mixer. Lab Chip, 15(7):1727–1735, 2015. URL http://pubs.rsc.
org/en/content/articlehtml/2015/lc/c5lc00070j.
[163] B Laubie, E Bonnafous, and V Desjardin. Silicone-based surfactant degradation
in aqueous media. Sci. Total Environ., 454-455:199, 2013. URL http://www.
sciencedirect.com/science/article/pii/S004896971300185X.
156
[164] Michael J Owen and Petar R Dvornic, editors. Silicone Surface Science,
volume 4 of Advances in Silicon Science. Springer Netherlands, Dordrecht,
2012. ISBN 978-94-007-3875-1. doi: 10.1007/978-94-007-3876-8. URL http:
//www.springerlink.com/index/10.1007/978-94-007-3876-8.
[165] Demetri Psaltis, Stephen R Quake, and Changhuei Yang. Developing optofluidic
technology through the fusion of microfluidics and optics. Nature, 442(7101):
381–6, jul 2006. ISSN 1476-4687. doi: 10.1038/nature05060. URL http:
//dx.doi.org/10.1038/nature05060.
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A.1 Emissive Power of a Blackbody
Classical radiative heat transfer between objects is caused due to the emission of
electromagnetic waves from objects whose temperatures are greater than absolute
zero Kelvin.121 The flux of thermal radiation emitted by a surface depend on the
temperature and optical properties of the surface. If we consider a surface element,
dA that is emitting radiation, dQ at a temperature, T as shown in Fig.A.1, we can








dΩ cos θEpλ, T ; θ, φq (A.1)
where E is the monochromatic emissive power (with units W m´2 m´1 steradian´1)
at dAn in a particular direction at a fixed wavelength and temperature; and dΩ “
sin θdθdφ as per the definitions in Fig. A.1. 1 steradian (sr) is defined as a unit solid
angle.
By integrating Eq. A.1 over all wavelengths, we define the total power emitted
by an arbitrary surface at a given temperature, T , as P pT q (with units W m´2):










dλdΩ cos θEpλ, T ; θ, φq (A.2)
A blackbody is defined as an object, which is a perfect absorber and emits ther-























Figure A.1: (a) Definition of the spherical coordinate system for reference. (b) Defi-
nition of the solid angle of an arbitrary surface element dAn.
blackbody (W m´2 sr´1 m´1) at given temperature, T is given by:











where h is Planck’s constant, c is the speed of light in vacuum, and kB is Boltzmann’s
constant. If we treat our arbitrary surface in Eq. A.2 as a blackbody and integrate
over a hemisphere (2π sr), we obtain the total emitted power of a blackbody, also
known as the Stefan-Boltzmann Law:
PBBpT q “ 2π
ż π{2
0
dθ sin θ cos θ
ż 8
0
dλEBBpλ, T q “ σT
4 (A.4)
where σ “ 2π5k4B{p15c
2h3q is the Stefan-Boltzmann constant.
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A.2 Emissivity and Emissive Power of a Real
Body
Real objects do not emit like blackbodies and have a directional emission distribution
that is not equal to 1. It is useful to benchmark a real object’s emission against that
of a blackbody. The ratio of a real object’s monochromatic emissive power to that of
a blackbody is defined as the object’s spectral and directional emissivity, εpλ, θ, φq:
εpλ; θ, φq “
Epλ, T ; θ, φq
EBBpλ, T q
(A.5)
The total emitted power of a real surface over a hemisphere can be written as:





dλdθ sin θ cos θEBBpλ, T qεpλ, θq “ σεT
4 (A.6)




dθ sin θ cos θεpλ, θq (A.7)
The total energy of incident electromagnetic waves on a surface can be divided into
3 fractional categories:
• Absorptance, α - fraction of incident radiation absorbed,
• Reflectance, ρ - fraction of incident radiation reflected, and
• Transmittance, τ - fraction of incident radiation transmitted
Together, α + ρ + τ = 1 for any surface. Kirchoff’s Law states that a body in
thermodynamic equilibrium emits as much energy as it absorbs in each direction
and at each wavelength.121 We use Kirchoff’s Law for opaque surfaces (τ “ 0, and
ρ “ 1´α) by the relation ε “ α. For instance, since a blackbody is a perfect absorber










Figure A.2: Geometric representation of two arbitrary objects necessary to compute
a view factor.
A.3 View Factor
The radiation view factor between two arbitrary surfaces, F1Ñ2, is the fraction of
electromagnetic radiation emitted by surface 1 and intercepted or absorbed by surface









where A is the surface area of an object and φ and s are the geometric defined in Fig.
A.2. By swapping the subscripts in Eq. A.8, we get the relation A1F1Ñ2 “ A2F2Ñ1
which is known as the reciprocity condition for view factors between two objects.
Another important condition of view factor for an object is:
ř
n F1Ñj “ 1, which
describes that all electromagnetic waves emitted by an object must be absorbed/re-
flected by all the surrounding media (index, j) that can intercept them. Both these
properties of view factors essentially preserve the second law of thermodynamics.
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A.4 Radiative Heat Transfer Between Two
Objects
Using the definition of view factor, the total radiative power emitted per unit area




If both the objects are blackbodies with ε1,2 “ 1, then we can obtain the net radiative
power exchanged between two blackbodies as:
P
pnetq
1Ñ2,BB “ P1Ñ2,BB ´ P2Ñ1,BB “ σF1Ñ2
`





For the case of blackbodies, the thermal radiation that is emitted by object 1 and
strikes object 2, is fully absorbed by object 2. For the case of real bodies, a portion
of the incident radiation on object 2 will be reflected back to object 1 and could be
reabsorbed by object 1. To account for these multiple reflections between objects,













1´ p1´ ε1qp1´ ε2qF1Ñ2F2Ñ1
˙
σpT 41 ´ T
4
2 q (A.12)





B.1 Psychrometric Relations and Units
Conversions
Both relative humidity, RH and dew point temperature, Tdp are widely used mea-
sures to describe the amount of water vapor or moisture present in air. Moist air is






where ea is the actual water vapor pressure (units of pressure), and es is the saturation
water vapor pressure (units of pressure) at a given air temperature. This definition of
RH is valid at all air temperatures and pressures. RH is often given as a percentage
value, but a value between 0-1 is used in the equations below. Several formulations
exist to determine both ea and es, and they all vary in accuracy depending on the
temperature of air. The Magnus equation is applicable in the temperature range of
-45o C to 60o C and has shown good accuracy in these temperature ranges. The
water vapor pressure at saturation temperature, es is defined from the well-accepted
August-Roche-Magnus formulation as:192







where Ta is the ambient air temperature of moist ambient air in
o C. The other
constants are based on correlations.192 The actual water vapor pressure is defined by:
ea “ RHes (B.3)
The dew point temperature, Tdp (
o C) is defined as the temperature at which air is
fully saturated with water vapor. When a certain mass of air is at its dew-point, the
water vapor in the air mass is at thermal equilibrium with water at its liquid state
i.e. the water vapor in air can condense on a surface whose temperature is lower than
Tdp at that particular air temperature and pressure. The dew-point temperature, Tdp
can be calculated using the well-accepted Magnus equation for temperature ranges












where γ “ 243.13o C; β “ 17.62; RH is between 0-1. It is often convenient to use a
Psychrometric chart131 to obtain the values of RH using measurements of dry-bulb
and wet-bulb temperatures from local weather stations. The dry-bulb temperature,
Tdry-bulb is the simply the ambient air temperature, Ta measured using a thermometer
at a local weather station. The wet-bulb temperature, Twet-bulb is the lowest temper-
ature to which air can be cooled by evaporation of water at constant pressure. It
is measured using a wet-bulb thermometer consisting of a wet wick wrapped around
the thermometer’s bulb.
Now that we have a way of quantifying the amount of water vapor in air using
RH and Tdp, we need to consider the total amount of water vapor in an atmospheric
column as required by MODTRAN. We do this using another quantity known as total
precipitable water or precipitable water (TPW) defined as the total water vapor in
an atmospheric column that extends between a surface on the Earth to the top of the
atmosphere in a unit-cross section. TPW is obtained from integrating the amount of
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where ρwater is the density of water (kg m
´3); g is the gravitational constant (m s´2);
q is the mixing ratio of water vapor in air and is a function of atmospheric altitude; p
is the pressure, which is also a function of atmospheric altitude The units of TPW in
the above formula are kg m´2. Using the density of water at standard temperature
and pressure, we can convert 1 kg m´2 of TPW to 1 mm TPW. The units of TPW are
typically given in length scale of centimeters (cm) or inches of water, and represent
the total amount of water vapor or depth of water vapor that can condense to become
liquid water in a unit cross-section. We use the methodology provided by Reitan193
and by Mims194 to convert Tdp to TPW values in units of cm-H2O. Reitan’s relations
provide a global average calculation using empirically formulations of q obtained for
the vertical distribution of H2O in the atmosphere from four seasons and nine latitude
bands around the world.
Finally, the values of TPW with units cm-H2O can be converted to atm-cm for us-
age in MODTRAN. For the conversion of TPW to atm-cm, the following relationship
provided by Liang is used:195
1 (cm-H2O) “ 1 (g cm
´2 liquid H2O) “ 3.34ˆ 10
22 (molecules cm´2) (B.6)
The units in MODTRAN of atm-cm are at standard atmospheric temperature and
pressure, and the following conversion is used:
1 (g cm´2 H2O) “ 1244 (atm-cm H2O) (B.7)
168
B.2 Variability in Atmospheric Water Vapor,
Ozone, and Temperatures with Altitude
The MODTRAN computer program uses built- temperature profiles to model their
atmospheric columns. This is shown in Fig. B.1.
Figure B.1: Variation in temperatures in the atmospheric column by the type of
atmospheric model used by MODTRAN. Figure obtained from MODTRAN124
The variability in water vapor and ozone levels as we move up an atmosphere
column is shown in Fig. B.2
Figure B.2: Variation in the amount of water vapor and ozone in the atmospheric





















Figure B.3: Atmospheric transmission spectra at varying levels of aerosols. 1976
U.S. Standard atmospheric model is used for levels of other gas species.
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Appendix C
Temperature Performance Contours for Solar Absorptivity
and Thermal Emissivity
C.1 Solar Absorptivity and Spectrally Selectivie
Thermal Emissivity
𝚿 = 𝟎. 𝟖
𝚿 = 𝟏, ISE
𝚿 = 𝟎
Figure C.1: Spectral emissivity, ε of various emitters. Ψ is a measure of deviation






where ISE stands for ideal selective emitter and i stands for other emitters that are
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non-ideal. Ψ determines the degree of selectivity of an emitter corresponding to the 8
µm to 13 µm wavelength band of high atmospheric transmissivity. Ψ “ 0 corresponds
to a broadband emitter in the infrared wavelengths (referred to as BE in Chapter 2),
while Ψ “ 1 corresponds to an ideal selective emitter (referred to as ISE in Chapter
2).
C.1.1 Explanation of Charts
The following charts demonstrate the sub-ambient temperature reduction, ∆T “
Ta ´ Ts of surfaces with varying values of solar absorptivity, α, and Ψ. The charts
have been generated under steady-state conditions for flat horizontal surfaces with
100 % visibility to the sky. The convective loads on the surface have been set to zero
for all curves. The purpose of these charts is to guide the spectral design (selectivity in
infrared wavelengths) of the radiative properties of a PRC based on climatic variables
such as solar radiation, humidity and average air temperatures.
The charts are to be read as follows:
• Each contour is at a particular value of ∆T “ Ta ´ Ts. ∆T ą 0 signifies
sub-ambient temperature reduction.
• Column 1 corresponds to highly humid atmospheres
• Column 2 corresponds to very dry atmospheres
• Rows 1 - 5 correspond to different levels of solar radiation, Isol (W m´2). Row
1 - Isol “ 0; Row 2 - Isol “ 250; Row 3 - Isol “ 500; Row 4 - Isol “ 750; and Row































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure C.5: Contours at Ta “ 45
o C.
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C.2 Solar Absorptivity and Broadband Thermal
Emissivity
As discussed in Chapter 2, and shown in the charts of the previous section, spectral
selective of ε in thermal wavelengths contributes to heat gain in cases where solar
radiation and α are high.
The following charts demonstrate the sub-ambient temperature reduction, ∆T “
Ta´Ts of surfaces with varying values of solar absorptivity, α, and broadband values
of ε in thermal wavelengths (beyond 2.5 µm) The charts have been generated under
steady-state conditions for flat horizontal surfaces with 100 % visibility to the sky.
The convective loads on the surface have been set to zero for all curves. The purpose
of these charts is to guide the selection of radiative properties of a PRC based on
climatic variables such as solar radiation, humidity and average air temperatures.
The charts are to be read as follows:
• Each contour is at a particular value of ∆T . ∆T ą 0 signifies sub-ambient
temperature reduction.
• Column 1 corresponds to highly humid atmospheres
• Column 2 corresponds to very dry atmospheres
• Rows 1 - 5 correspond to different levels of solar radiation, Isol (W m´2). Row
1 - Isol “ 0; Row 2 - Isol “ 250; Row 3 - Isol “ 500; Row 4 - Isol “ 750; and Row
5 - Isol “ 1000
• Higher values of Ψ correspond to greater selectivity in the infrared or thermal












































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Convective Heat Transfer Coefficient
D.1 Correlations for Exterior Surface Convective
Heat Transfer Coefficient
To evaluate the exterior surface heat transfer coefficient, hc for a building’s thermal
envelope, several correlations exist in literature. I list two of the most commonly used
models used in the building energy simulation software, EnergyPlus in this section.182
D.1.1 Thermal Analysis Research Program (TARP)
Algorithm
The Thermal Analysis Research Program (TARP) model is used an option in the
EnergyPlus software.144 The convective heat transfer coefficient, hc (W m
´2 K´1) is
defined as:
hc “ hf ` hn (D.1)






Wf “ 1.0 for windward surfaces, and Wf “ 0.5 for leeward surfaces based on the
direction of wind speed. Vz is the height correction wind speed defined in the next
section. Rf is a surface roughness multiplier and is based on the exterior surface
182
Table D.1: Rf values for the TARP algorithm.
196
Surface Type Rf
Very Rough (Stucco) 2.17
Rough (Brick) 1.67
Medium Rough (Concrete) 1.52
Medium Smooth (Clear wood) 1.13
Smooth (Smooth Plaster) 1.11
Very Smooth (Glass) 1.00
material of a building’s wall or roof. Values of Rf are provided in Table D.1 based on
ASHRAE surface designations.
The natural convection component, hn depends on the surface orientation and the
temperature difference between the surface temperature, Ts and ambient air temper-
ature, Ta.
For a vertical surface,
hn “ 1.31|∆T |
1{3 (D.3)
where ∆T “ Ta ´ Ts.






where φ is the surface tilt angle.





D.1.2 Simple Combined Algorithm
The Simple Combined Algorithm is another option in the EnergyPlus software182 and
uses different surface roughness correlations, and local height-corrected wind speed
183
to determine, hc.
hc “ D ` EVz ` FV
2
z (D.6)
where D (W m´2 K´1), E (s m´1), and F (s2 m´2) are ASHRAE material roughness
coefficients provided in Table D.2. Unlike the TARP algorithm, the Simple Com-
bined Algorithm combines the affects of radiation from air, surrounding objects, and
the ground, and both forced and natural convection.144,196 The constants, D, and
E, in this correlation are empirically determined based on several temperature mea-
surements made on the ASHRAE surfaces in Table D.2 exposed different ambient
conditions. Since the Simple Combined Algorithm is not a function of surface tem-
perature, it applies for a wider range of surface conditions and is much easier to solve
computationally.
Table D.2: ASHRAE material roughness coefficients196 for the Simple Combined
Algorithm.
Surface Type D (W m´2 K´1) E (s m´1) F (s2 m´2)
Very Rough (Stucco) 11.58 5.894 0
Rough (Brick) 12.49 4.065 0.028
Medium Rough (Concrete) 10.79 4.192 0.0
Medium Smooth (Clear wood) 8.23 4.0 -0.057
Smooth (Smooth Plaster) 10.22 3.1 0.0
Very Smooth (Glass) 8.23 3.33 -0.036
D.2 Height Corrected Wind Speed
Typical Meteorological Year (TMY) weather files provide the hourly wind speed mea-
sured at a meteorological station for a particular location in the world. The wind
speed measurements need to be corrected for the height of a particular building’s
wall or roof. We use the correction used by the EnergyPlus Software for the height
184
Table D.3: Wind Speed Profile Correlations.
Terrain Type α δ (m)
flat, open field 0.14 270
rough, wooded region 0.22 370
urban 0.33 460
marine 0.10 210











• z - height above ground (m)
• Vz - wind speed at altitude z (m s´1)
• α - wind speed profile correlation based on the terrain at the building site
(non-dimensional)
• δ - wind speed profile boundary layer thickness based on the terrain at the
building site (m)
• zmet - height above ground of the wind speed sensor at the meteorological station
(m)
• αmet - wind speed profile correlation based on the terrain at the meteorological
station (non-dimensional)
• δmet - wind speed profile boundary layer thickness based on the terrain at the
meteorological station (m)
Table D.3 provides the wind speed profile correlations listed above. Since most
meteorological stations are in an open field, the values of zmet, αmet, and δmet are
assumed to be 10 m, 0.14, and 270 m, respectively.
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Appendix E
Modeling Transient 1-D Heat Transfer
Defining the transient 1-D temperature response for a planar horizontal wall or slab










where t represents the time scale in seconds, s; Ta is the ambient air temperature (K);
Ts is the surface temperature at time, s; hc is the convective heat transfer coefficient
(W m´2 K´1); α is the solar absorptivity of the surface; Isol is the incident solar
radiation on the surface; σ “ 5.67 ˆ 10´8 (W m´2 K´1) is the Stefan-Boltzmann
constant; εs is the thermal emissivity of the surface; F is the radiation view factor
between the surface and the atmosphere; εatm is the emissivity of the atmosphere. A
simpler definition of the net radiative heat transfer from the surface to/from the at-
mosphere is used compared to the one used in Chapter 2 to demonstrate the transient
thermal response of the surface. For a planar horizontal surface such as a roof of a
building, F “ 1 is assumed. To demonstrate the the transient temperature response
of a surface, we further assume α “ 0.5, and εs “ 0.9 for all wavelengths. Lastly, the
term β (J m´2 K´1) in the above equation is defined as:
β “ ρcpL (E.2)
where ρ is the density of the wall or slab behind the surface (kg m´3); cp is the
specific heat (J kg´1 K´1); and L is the thickness of the wall or slab. The term β
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represents the thermal mass and heat storage capacity of the wall, and affects the
transient temperature response of the wall. The values of ρ, cp, and L for a wall can
vary based on the type of materials and insulation required for a wall. In reality, the
time constant of a wall also depend on the heat transfer coefficients from convection
and radiation. In Chapters 4 and 5, I consider specific values of ρ, cp, and L, and
hourly variation in external boundary conditions. Here I simplify my analysis, and







𝜷 = 𝟏 × 𝟏𝟎𝟔
𝜷 = 𝟏 × 𝟏𝟎𝟓











𝜷 = 𝟎, steady-state
𝜷 = 𝟏𝟎𝟎0
Figure E.1: Surface temperuture, Ts as a function of time in seconds shown for
different values for β for an hour. Steady-state condition temperature response is
shown by the solid black line.
For a surface with initial condition, Tspt “ 0q “ 25
o C, and external conditions
Isol “ 1000 W m
´2, hc “ 12 W m
´2 K´1, Ta “ 25
o C, and εatm “ 0.85, we simulate the
transient response for one complete hour from t “ 0 to 3600 seconds at a time-step
of 1 second. The transient response of the surface is shown in Fig. E.1 for different
values of β. For large values of β, the thermal response of the wall is significantly
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slower than for low values of β. In reality, the values of β used for building walls as
shown in Chapters 4 and 5 are between 1ˆ 105 to 1ˆ 106. Surfaces with low thermal
mass i.e. values of β ă 1000 reach the steady-state condition in less than 30 seconds
whereas surfaces with β ě 1 ˆ 105 take longer than one full hour to reach steady-
state condition. This slow response for walls with larger thermal storage capacities
is commonly known as thermal lag.
In Chapters 4 and 5, calculations to evaluate transient surface temperatures
are performed at every hour due to the usage of TMY weather files obtained from
NREL,129 which provide environmental data at hourly time steps. In order to account
for the change in boundary conditions at hour, a forward time-stepping sequence is












where I use the temperature calculated at the end of hour, i ´ 1 (at 3600 seconds),
as the initial condition for the next hour, i.
This is shown in Fig. E.2 where the ambient air temperature, heat transfer co-
efficient and solar radiation are arbitrarily changed at 3600 seconds (= 1 hour). I
demonstrate that the steady-state response of the wall remains higher for both these
hours, and that the steady-state response exhibits a step change as opposed to walls
with larger thermal masses. The forward time-stepping sequence used can also be
seen for the cyan and orange curves with higher values of β. The introduction of new
boundary conditions changes the transient response of the wall for the next hour.
Finally, to further clarify the temperature profiles shown in Chapters 4 and 5,
we demonstrate how the diurnal behavior of a wall is affected by its thermal mass
and storage capacity in Fig. E.3(A). The steady-state response over predicts the true









• 𝑻𝐚 = 𝟐𝟑℃
• 𝑰𝐬𝐨𝐥 = 𝟖𝟎𝟎𝐖𝐦
−𝟐




• 𝑻𝐚 = 𝟐𝟓℃
• 𝑰𝐬𝐨𝐥 = 𝟏𝟎𝟎𝟎𝐖𝐦
−𝟐
• 𝒉𝐜 = 𝟏𝟐𝐖𝐦
−𝟐 𝐊−𝟏
steady-state response
Figure E.2: Surface temperature, Ts as a function of time in seconds shown for
different values for β for an hour. Steady-state condition temperature response is
shown by the solid black line. The vertical dashed line is at time = 3600 seconds and
corresponds to the introduction of a new set of boundary conditions exposed to the
surface. Fig. E.1 can be used to distinguish between curves at different values of β.
behavior observed in Fig. E.2. As the thermal capacity of the wall increases, we see
a slower response or thermal lag as shown by Fig. E.3(A). For reference, we provide
the environmental boundary conditions at each hourly time step. The steady-state












𝜷 = 𝟎, steady-state
𝜷 = 𝟏 × 𝟏𝟎𝟓
𝜷 = 𝟓 × 𝟏𝟎𝟓











Figure E.3: (A) Surface temperature, Ts as a function of time in hours shown for
different values for β for a full day. (B) Environmental parameters shown for each
hour of the day.
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Appendix F
Energy Budget of a Leaf
The calculations in this Appendix are based on the work of Campbell179 and provide
intuition on how critical leaf properties affect its temperature at equilibrium.
To understand the effects of parameters such as stomatal conductance, and leaf
dimension, it is important to understand the heat transfer mechanisms that regulate
the temperature of a single leaf. The steady-state heat transfer rate of a single leaf
is given by:
PL “ Prad ` Psens ` Plat (F.1)
where Prad is the net radiative heat transfer rate between the leaf and the ambient
environment; Psens is the sensible heat transfer rate between the leaf and the ambient
environment (W m´2); and Plat is the latent heat transfer rate between the leaf and
the ambient environment (W m´2); and Prad is the net radiative heat transfer rate
between the leaf and its surroundings (W m´2).
Prad is defined using Eq. 2.16 discussed in Chapter 2. Since the spectral emissivity
of a leaf is not widely published in previous studies, we use the values of εL “ 0.96, and
αL “ 0.5 as well-accepted spectral average quantities. I also include the radiation
exchange between the adjacent ground and leaf where the ground is treated as a
blackbody with temperature equal to the ambient air temperature, Ta.
Both the sensible and latent heat loss from a leaf depend highly on physiological
properties of the leaf, and the ambient environmental conditions in the leaf’s sur-
roundings. Based on Campbell179, the sensible heat loss per unit leaf area is defined
191
as:
Psens “ hsenspTa ´ TLq (F.2)












where cp,a is the specific heat of air(J mol
´1 K´1; Va is the local wind speed adjacent;
and DL is the characteristic leaf dimension (0.7 times the leaf width). The correlation
for hsens is determined by Campbell
179 based on boundary layer conductance of heat
from air to the leaf layer. The units for hsens are W m
´2 K´1.
To determine, the latent heat loss per unit leaf area, I use the derivation obtained





∆pTa ´ TLq `D
ff
(F.4)
where Pa is the atmospheric pressure at sea level (kPa), and λ is the latent heat of









where gadax and gabax are the adaxial and abaxial stomatal conductances (mol m
´2
s´1) of the leaf, respectively. The stomatal conductance of a leaf is a measure of
the number of stomatal pores on a leaf surface and is a measure of rate of water
vapor transport through the leaf at the air boundary. This critical leaf parameter
is also dependent on the plant species. A full discussion of different plant species is
beyond the scope of this dissertation. However, in the subsequent sections, I explore
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the effect of stomatal conductance on the leaf temperature in detail. gadax and gabax
represent the upper and lower leaf surfaces, respectively, and for simplicity, I assume
gadax“gabax . Values of gadax typically range from 0.08 to 0.4 mol m
´2 s´1. The term,
gVa is again a correlation presented by Campbell
179 to determine the heat transfer








The remaining terms in Eq. F.4, ∆ and D represent the amount of water vapor










. Finally, D is the defined as the vapor
deficit in ambient air and is given by:
D “ es ´ RHes (F.8)
where RH is the relative humidity of local air.
F.0.1 Leaf Parameters and Environmental Considerations
I analyze how the individual leaf parameters, DL and gadax influence the steady-state
temperature of the leaf under different ambient conditions.
Both the dimension and stomatal conductance of the leaf affect the temperature
of the leaf as demonstrated in Fig. F.1. Based on my findings in Chapter 2, solar
radiation on a surface contributes as the maximum thermal load on the system. In
Fig. F.1, a leaf with gs “ 0.08 demonstrates a temperature gain above ambient air
temperature for increasing solar intensities at all leaf dimensions shown. However, a
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leaf with gs “ 0.4 demonstrates sub-ambient cooling up to leaf dimensions of 12 to 15
mm for a maximum solar intensity of 1000 W m´2. At lower levels of solar intensity,
a leaf with gs “ 0.4 demonstrates sub-ambient cooling for all leaf dimensions. For
reference, the leaf temperatures in Fig. F.1 were calculated for RH = 50 %, Va “ 1
m s´1, and Ta “ 30
oC.




Figure F.1: Steady-state temperature between leaf and air as a function of leaf
dimension for different values of gs and Isol. gs “ 0.08 shown by upward-triangle
markers, and gs “ 0.4 shown by downward-triangle markers. Isol “ 0 shown by green
curves; Isol “ 500 shown by blue curves; and Isol “ 1000 shown by red curves.
Interestingly, for higher incident solar radiation, Fig. F.1 shows that the leaf
temperature deviates from the ambient air temperature as leaf dimension increases.
This can be attributed to reduction in the latent and sensible heat loss from the leaf’s
surface. Figure F.2 shows the effect of stomatal conductance and leaf dimension on
the latent heat loss of a leaf. In Fig. F.2, I demonstrate that a leaf exhibits higher
latent heat loss with increasing wind speeds as a consequence of higher values of
boundary layer vapor conductance given by Eq. F.6. An additional consequence of
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Eq. F.6 is that higher leaf dimensions contribute to lower latent heat loss as shown
in Fig. F.1. Figure F.2 shows that increasing values of stomatal conductance at a
constant leaf dimension of 110 mm has a weaker effect on a leaf’s latent heat loss.
On the other hand, changing the leaf dimension contributes to a larger change in the
latent heat loss as shown in Fig. F.2(b). We can also observe that as the RH in
the ambient air increases, the vapor deficit between the leaf and air is lowered. This
results in decreasing levels of latent heat loss. For reference, Plat in Fig. F.2 was
calculated using Isol “ 500 W m
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Figure F.2: (a) Plat as a function of Va for a DL “ 110 mm. Dash-dotted curves
are calculated at varying values of RH for gs “ 0.08; and downward-triangle curves
are calculated at varying values of RH for gs “ 0.40. (b) Plat as a function of Va
for a gs “ 0.13. Dash-diamond curves are calculated at varying values of RH for
DL “ 10 mm; and downward-triangle curves are calculated at varying values of RH
for DL “ 200 mm.
After developing an understanding of how two critical leaf parameters, gs and DL
affect the leaf temperature and latent heat loss, the effects of environmental conditions
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on the net heat transfer rate of the leaf (Eq. F.1) can be considered. In Fig. F.3,
I demonstrate the equilibrium temperature difference between the leaf and ambient
air for peak solar radiation of 1000 W m´2 (Fig. F.3(a) and (c)), and 0 W m´2 (Fig.
F.3(b) and (d)). As shown in Fig. F.3(b) and (d), the leaf demonstrates sub-ambient
cooling for at all relative humidity levels and wind speed. As observed previously, as
RH increases, the latent heat loss from the leaf’s surface. Further, from the analysis
in Chapter 2, an increase in RH also increases incident atmospheric radiation on
the surface of the leaf. This reduces the a leaf’s potential for sub-ambient cooling
both during the day and night time. Wind speed also plays an important role in
the overall thermal behavior of the leaf. In Fig. F.3(a) and (c), increasing the wind
speed enhances the sensible heat loss from a leaf’s surface and contributes in cooling
the leaf further. This can also be seen at night time i.e. when Isol “ 0. Another
important takeaway from Fig. F.3(a) and (b) is that Plat is a strong function of both
RH and Va compared to Patm.
I show the effects of environmental conditions on the leaf temperature to guide the
design of a green facade based on a particular local climate. To further optimize the
design of a green facade, leaf species must also be selected based on how the stomatal
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Figure F.3: Net heat transfer rate of a leaf as a function of temperature differ-
ence between the leaf and ambient air for varying ambient conditions. Steady-state
temperature difference is found at the intersection of the blue and shaded curves
for each plot. Leaf parameters chosen for this figure are gs = 0.4 mol m
´2 s´1,
and DL = 120 mm. Blue curves represent Pemit ` Plat, and gray curves represent
Patm ` Psol ` Pgnd ` Psens. (a) PL calculated at constant Va “ 4 m s
´1 and Isol “
1000 W m´2 (b) PL calculated at constant Va “ 4 m s
´1 and Isol “ 0 W m
´2 (c)
PL calculated at constant RH = 50 % and Isol “ 1000 W m
´2 (d) PL calculated at
constant RH = 50 % and Isol “ 0 W m
´2.
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